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INTRODUCTION 


Among the primary non-disjunctional females obtained in a preliminary 
X-ray test (ANDERSON 1924) was one which gave only exceptional off- 
spring. This line repeated the performance of a similar line studied by 
L. V. MorGAN (1922). In addition, several sex-linked genes were hetero- 
zygous, thus giving an opportunity to study crossing over between the 
two component chromosomes which had become attached to form a single 
V-shaped body. 


ORIGIN AND CONSTITUTION 


Scute apricot crossveinless tan forked (s, w* c, t f) females were mated 
to broad echinus cut* garnet (0b, e. c: g)-males. The female offspring were 
X-rayed soon after hatching, and mated to bar males. Some exceptional 
offspring were obtained, due to non-disjunction. One exceptional female 
was broad echinus in appearance, and, when mated to bar males, gave only 


1 Papers from the Department of Botany of the University oF Micuican, No. 227. 
2 The cut and garnet allelomorphs used were cut® and garnet. 
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broad echinus daughters and bar sons. These broad echinus daughters 
have repeated the same performance. 

A number of female ofisoring obtained showed several characters in 
addition to broad and echinus. The additional characters obtained were 
crossveinless, cut, tan, garnet and forked. The genes for these five charac- 
ters were expected to be present in heterozygous condition, so we may 
quite safely write the factorial constitution of the original broad echinus 
exception as 2 SEP § The character crossveinless proved so difficult 

r€e Cf 
to classify in the presence of broad, that it was neglected and the line 
permitted to become homozygous for the normal allelomorph. Since this 
line is homozygous throughout for the characters broad and echinus the 
genes for these characters will be omitted in the formulae and discussion 
to follow. The standard loci of the genes used are: cut 20.0, tan 27.5, 
garnet 44.4, and forked 56.5. 


IDENTIFICATION OF PARENTAL CONSTITUTIONS 


The absence of regular ofispring makes the determination of the genetic 
constitution of the parent more difficult than in ordinary lines of Dro- 
sophila. The association of the recessive characters appearing among the 
daughters must be the main criterion. Only a few combinations of re- 
cessive characters have appeared in the progeny of any one female 
heterozygous for them. These combinations are assumed to represent 
the combinations of factors present in the two component parts of the 
double chromosome. Thus, a culture giving the combinations ¢, ¢ f, f, ct, 
ct g, and g is interpreted as the offspring of a female of constitution re 

t 
Likewise, if a culture gives the combinations, ¢, c:, g, f, c.g, gf and c: gf, 


As evidence of the 





its parental constitution is interpreted as j 
Crg 

correctness of these interpretations, it may be said that among the many 

cultures giving such combinations of recessives, only one individual of an 

unexpected combination has been observed. This individual is the ¢ f 

female recorded in table 4. 

Regular male and female offspring from the separation of the attached 
chromosomes also give evidence on the parental constitution. But their 
frequency is so low that they are only to be found in occasional cultures. 
The data obtained from the regular offspring are in accord with the 
parental constitutions assigned by the above method. 
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t f 
PHENOTYPIC PROGENY OF “FEMALES 
Ceg 


—* t 
In general, only cultures from parents of constitution eek eis been 
Ctg 


used for continuing the line. As a result, a considerable amount of data 
has been accumulated on the distribution of phenotypes in the progenies 
of females of this constitution. Table 1 gives the phenotypic data from 
those cultures in which the total number of female offspring is above 30. 
Smaller cultures are omitted, since in only a fraction of such cultures could 
the constitution be definitely identified. In order to insure the random 
character of these data an attempt was made to identify positively the 
parental constitution of all cultures giving 30 or more females. If any 
recessive character failed to appear, a mass culture was made up as an 
additional check. 


TABLE 1 


gf 
Progeny of ——= females Xbar males. 
cg 
































PEDIGREE 7 7 | | eed ae ass | | bs 
NUMBER MALES | + 9 19 2 | ae ies. 2 [ces 2 6@ X-TRIPLOIDS REGULAR 
m imiet «| «}.] tata ig 
102 Si at 3 ea «x 7 1 a 
113 30 | 19 5 | 4 - 4 2 : 
121 S54] 22] 5 2 3 1 3 1 2 
144 50 | 21 2 1 2 3 3 1 | Pag 
147 46 | 13 | 6 1 | os 2 3 1 
163 49 | 26 | 3 ei ata 1 2 ; 
171 ieee OL it 2 FS 4 4 3 
172 88 48 8 oh 4 5 4 5 17 
175 41 17 5 3 1 2 3 2 7 
181 116 | 63 13 2 2 9 5 7 13 
185 74 | 28 10 4 2 2 1 1 2 
186 69 | 40 3 1 e 2 1 1 x Q 
188 63 | 34 10 1 1 3 3 1 4 
189 84 | 53 5 2 1 3 1 
191 72 | 37 7 p v4 5 5 1 7 
195 71 45 5 2 1 5 4 2 3 9 tf/B 
197 45 19 6 2 3 2 1 3 
200 58 | 28 7 1 3 1 4 2 
201 76 | 26 9 5 6 8 2 12 
205 71 37 6 2 3 3 1 7 
208 50 | 24 3 <3 6 4 1 7 
210 61 29 3 2 4 2 1 8 
211 ee |. 9 6 2 = 3 = 1 7 Sag 
212 60 | 43 5 2 1 5 1 1 5 
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TABLE 1 (continued) 






























































PEDIGREE 5 | a 
NUMBER | MALES | + 9 tg 119 f? e:9 cu? g e X-TRIPLOIDS REGULAR 
220 55 | 28 7 1 me 4 1 a 
222 38 25 6 2 1 3 3 1 = 
224 47 14 6 2 1 4 4 - 1 
225 37 20 4 4 1 2 4 1 ; 
228 16 | 21 3 1 2 3 »y 2 3 
237 | 31 | 21 3 ~ 1 3 1 1 
239 60 | 25 6 1 1 4 6 2 1 
240 75 | 45 6 4 2 6 6 4 5 
241 68 | 46 6 1 6 2 ue 
242 41 | 14 5 3 3 3 2 4 
244 62 | 25 6 1 1 7 8 2 4 | 
245 cs a ee 7 1 3 7 = 1 1 
246 64 | 22 10 3 2 5 5 2 
247 | 47 | 40 4 1 1 7 2 od 
257 48 | 42 2 . s 10 4 8 Stf 
258 84 | 33 8 1 2 7 7 1 10 
262 30 22 | 3 3 1 2 4 1 
263 «| 45 31 3 3 3 4 oa Me 
265 | 44 27 11 4 4 8 2 1 
267 | 57 22 7 5 oe 2 2 3 
268 29 27 6 a i} a 5 3 
271 46 | 31 9 2 | 6 1 3 
272 61 46 6 5 ef 8 10 4 
273 45 | 26 3 3 cs @ 3 4 
274 59 60 7] 2 2 | 6 3 2 
275 46 28 3S me 4 2 1 ie 
276 78 46 17 3 eS 7 | 7 3 4 Sa gf 
277 72 49 9 2 1| 6] 4 4 2 
278 «| 62 47 | il ce y<s | 2 4 
279 | 33 | 22 2 1 4] 2 2 
280 | 42 23 6 2 2 4] 3 1 
287 22 24 3 2 ts} 3 3 4 
291 82 53 8 2 1 7 1 Be. 2 
293 30 25 7 1 3 ne 3 
294 42 22 2 3 4 3 - 
296 51 28 5 3 8 1 2 
298 54 44 5 2 1 8 4 2 
Total 3342 |1918 | 379 | 113 56 | 275 | 196 | 109 159 6 
Percent 
of 299 63.0} 12.4) 3.7 1.8] 9.0} 6.4] 3.6 











Individuals which show one only of the recessive characters which were 
heterozygous in the parent, are due to a portion of one parental chromo- 
some becoming homozygous, while another portion remains heterozygous. 
The two chromosomes are therefore neither identical nor complementary. 

















CROSSING OVER IN ATTACHED X CHROMOSOMES 407 


The fact that more than one-fourth of all the female offspring are of that 
type is ample proof that crossing over occurs after each chromosome has 
become divided, that is, in the four-strand stage. An hypothesis of 
crossing over in the four-strand stage was used by BripcEs (1916) to 
account for non-disjunctional females obtained, in which one or more of 
the heterozygous factors of the female parent had become homozygous 
(the so-called “equational” exceptions). The hypothesis of crossing over 
in the four-strand stage has also been substantiated by data obtained 
on crossing over in triploids (BRIDGES and ANDERSON 1925). 


PHENOTYPIC PROGENY OF OTHER TYPES OF BROAD ECHINUS FEMALES 


Tables 2, 3 and 4 give the phenotypic progeny of broad echinus females 
heterozygous for c:, ¢, g and f, but with these genes associated differently 
from those of table 1. As in table 1, cultures giving less than 30 females 
are omitted. The single ¢ f female in table 4 was tested and proved to be 


t a 
of constitution — Both chromosomes were therefore crossovers, but in 


gf 


different regions. 
TABLE 2 


7 Re 
Progeny of ——= females. 
6 - J J 
























































PEDIGREE | | 

NUMBER MALES a ct | cet ctif eFi F t £ | X-TRIPLOIDS REGULAR 
184 77 36 1 5 | 1 | A Ls 1 
209 36 | 31 2 9] 1 11] 1 1 5 °f/B 
243 71 35 4 7 1 2.44 8 4 
264 79 53 1 6 | + ik 1 12 
297 59 | 49 2 7 1 1 4 

Total 9 9 | 322 | 204 | 10 34 | 8 | Bizgis< 19 22 1 
TABLE 3 
» oe 
Progeny of = females. 
af 

PEDIGREE | | 

NUMBER MALES + t ig g ce crf f X-TRIPLOIWS 
110 45 29 4 3 4 4 
156 46 28 3 4 nn 3 3 + ea 
174 73 32 6 4 3 4 1 3 
198 65 43 2 1 ite 7 2 1 
266 55 36 7 5 1 4 4 es 6 
281 38 32 t 2 4 7 ad 1 1 
300 41 25 3 + 4 3 1 

Total 9 9 363 225 29 23 8 33 16 3 11 
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TABLE 4 


og f 
Progeny of on females. 





PEDIGREE 





























NUMBER MALES | + t Ct 1g cess ef Sig tf X-TRIPLOIDS 
103 47 25 S 3 3 1 2 8 
119 51 45 6 5 1 1 ae 2 
122 62 29 6 4 5 1 a 1 1 
123 47 23 5 2 Pr ae 1 
124 50 24 6 2 1 
125 28 20 6 9 1 2 te ar 
130 31 21 6 1 i ea2 aS 
137 63 19 5 4 3 "e 2 2 
146 40 18 8 3 ry 1 2 bn - 
182 81 50 14 1 3 1 ae a ee 3 
190 54 46 10 3 2 1 12 4 
206 73 32 4 2 3 1 id 9 
207 56 29 3 4 1 1 es 2 8 
255 36 36 15 3 4 2 1 1 - 
283 56 40 7 6 3 1 1 

Total 9 9 775 457 | 106 52 31 12 10 4|6 1 40 

















FREQUENCY OF APPEARANCE OF RECESSIVE CHARACTERS 


From the data of tables 1 to 4 the total frequency of appearance of each 
recessive character may be calculated. These frequencies are summarized 
in table 5. Cut and tan appeared most frequently, 15.5 and 16.1 percent, 
respectively. Garnet appeared in 9.5 percent, while forked, the least 
frequent, appeared in only 5.2 percent of the females. The decreasing 
frequencies toward the forked end of the chromosome indicate that the 
point of attachment of the two chromosomes is at this end. The appear- 
ance of forked is due to crossing over between forked and the point of 
attachment. 


TABLE 5 


The frequency of appearance of the recessive characters, cut, tan, garnet and forked, 
in progenies of broad echinus females heterozygous for these characters. 





























TABLE 1 TABLE 2 TABLE 3 TABLE 4 TOTAL PERCENT OF TOTAL 9 2 
eer axed 471 52 49 100 672 ia 
CAO re 492 47 52 107 698 16.1 
ES shen sarod 305 19 31 59 did 9.5 
Per 169 11 19 27 226 Sue 
Total females.......| 3046 282 337 679 4344 
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If the four strands present at the time of crossing over were assorted 
at random, any one recessive character heterozygous in the parent should 
appear in one-sixth of the female offspring. The percentages for cut and 
tan are only slightly below 15.7 percent, but the difference is probably 
significant. The deviation for cut is nearly 3.2 times the probable error, 
corresponding to a probability of 3.1 per hundred. The odds against such 
a distribution from chance alone are 30 to 1. Such a deficit might well 
be due to slightly lower viability of the homozygous forms, or to assort- 
ment not being wholly random. Investigation under way by Doctor A. H. 
STURTEVANT on a somewhat similar case of attached X chromosomes 
heterozygous for the entire length of the chromosome should throw more 
light on this problem. 


t 
GENOTYPIC PROGENY OF p? | FEMALES 
Cg 
An attempt was made to identify the genotypic constitutions of 


t 
daughters from aid mothers. A total of 188 identifications were made. 
Crg 


These are given in table 6. These identifications are not evenly dis- 
tributed among the different phenotypes, so in calculating the percentages 
TABLE 6 


t 
Genotypic constitution of female progeny of oll females. 
ce 























GENOTYPE PHENOTYPE NUMBER seta Ri wi eRe CROSSING OVER 
PERCENTAGE REPRESENTATION 
tf aaaa 
— 76 43.9 0-0 
Cg + bbbb 
ctf baaa 
— 7 4.0 1-1 
g * abbb 
tg aabb 
—- 9 5.2 2--2 
Ce bg * bbaa 
t aaab 
—_ 9 5.2 3-3 
cegf * bbba 
gf abba 
_—_ 1 0.6 1,3-1,3 
Cel * baab 
tf aaaa 
—— 3 1.7 ee 0-1 
. abbb 
bbbb 
=u, ce 3 1.8 naan 0-1 
ctf baaa 
t 
ae | t 13 4.8 Saee 0-2 
tg aabb 
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TABLE 6 (continued) 





























GENOTYPE PHENOTYPE NUMBER PROPORTIONAL SCHEMATIC CROSSING OVER 
PERCENTAGE REPRESENTATION 
Cee 12 72 bbbb 0-2 
ce f 7 ces bbaa 
af aaaa 
—_— t 19 7.0 ——— 0-3 
t aaab 
Ceg , 43 bbbb 0-3 
ef 8 : ; bbba 
cet f ‘ 0.7 baaa 1-2 
t Zz A = 
tg aabb 
g abbb 
—_ 1 0.4 ——— 1-3 
ce Bf , bbba 
ct g bbbb 
+ 1 0.6 _ 0-1,2 
f abaa 
=f 1 0.4 i 0-1,3 
gf . abba e 
=f 1 0.4 it dh 0-2,3 
tgf . ‘ aaba ? 
A 1 0.4 $s3° 2-13 
gf 7 ’ abba 
t aaab 
_—_ + 1 0.6 _—— 3-1,3 
gf abba 
Ba aaaa 
—_— tf 4 Pe —- 0-0 
t f aaaa 
Ceg zt 2.1 bbbb 0-0 
ates C2 : q eiouabaiate bi 
C: g ; . bbbb 
tf aaaa 
-—_ tf F 2.2 -—— 0-1 
Ce tj baaa 
Ce g 4 1.6 bbbb 0 i 
P , : abbb 
tf P Ms 1.5 aaaa 0-2 
co f : rf bbaa 
Ct g , 0.4 bbbb 0-2 
tg . : aabb 
ej - aaaa 
— f 1 0.3 0-3 
Cs gf 5 bbba 
Cg bbbb 
— _ 2 i 0-3 
t aaab 




















this must be taken into consideration. 


The percentages given are cal- 


culated as proportional parts of the percentages of phenotypes given in 
table 1. For convenience in analysis there is included a schematic repre- 
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sentation of the genotypic constitutions using ‘‘a” to represent any gene 
from the ¢ f parental chromosome and “‘b” to represent any gene from the 
¢: g parental chromosome. 


CROSSING OVER 

The 188 individuals identified, each having two chromosomes from 
the female parent, give 376 chromosomes from which to calculate crossing 
over. The percentages of crossing over calculated from the percentage 
frequencies of table 6 are given in table 7. For comparison, the standard 
expectations for crossing over are given and also the percentages of 
crossing over found by BripGEs when using the parental stocks in other 
experiments. The deviations from expectations are no greater than might 
be expected from random sampling alone. The coincidence values for 
double crossing over are: 0.2 for regions 1 and 2; 1.0 for regions 1 and 3; 
and 0.1 for regions 2 and 3. Considering the small numbers involved, 
these are quite close to the standard expectations. Thus the data on 
percentages of crossing over and on coincidence show that crossing over 
proceeds normally and regularly even though the chromosomes are 
attached. 














TABLE 7 
Summary of crossing-over data from table 6. 
REGION FREQUENCY TOTAL FREQUENCY ie macaiciee STANDARD pics eee 
CROSSING OVER BRIDGES 
0 131.4 
1 15.4 18.6 9.3 7.5 9.2 
2 25.4 26.4 13.2 16.9 17.2 
3 24.2 27.2 13.6 12.1 12.6 
1,2 0.6 
1,3 2.6 
2,3 0.4 














ASSOCIATION OF CHROMOSOMES 


A summary of the data on association of component chromosomes, from 
table 6, gives a little information on the mechanism of crossing over and 
of assortment of the resulting strands. When only a single region is 
considered, with the two pairs of genes which limit the region, the data 
may be summarized in relatively simple form. The possible types of 
association are: 

(1) Both chromosomes non-crossovers and complementary. 

(2) Both chromosomes non-crossovers and identical. 

(3) One chromosome a crossover, the other a non-crossover. 

(4) Both chromosomes crossovers and complementary. 

(5) Both chromosomes crossovers and identical. 
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Type 3 may be divided into two subtypes, one with the left locus 


ab : ; b 
homozygous ? the other with the right locus homozygous —. With 


aa 


this classification as a basis, the data have been summarized and are 
given in table 8. 


TABLE 8 


Summary of data from table 6 on association of chromosomes in single regions 
of the attached chromosomes. 




















TYPE OF ASSOCIATION FORMULA 1 2 3 
aa 
1. Complementary non-crossovers bE 58.1 59.3 69.9 
ID 
; aa 
2. Identical non-crossovers. . . ie Se ae _ 27.9 19.5 9.3 
aa 
ab = 
( (a) : — 4.5 13.3 12.9 
aa 
3. Crossover and non-crossover....... ; 
Da 
\(b) _ 4.9 3 1.5 
aa 
: ab : 
4. Complementary crossovers = 4.6 5.2 6.4 
a 
. ab 
5. Identical crossovers... ... sb 0.0 0.0 0.0 
a 





The most significant feature of this summary is the entire absence 
of the type in which the two components are identical crossovers. This 
shows that only two of the four strands are crossovers at any one level. 
If all four strands ever show crossing over at any one level, such cases 
must be rare. The data from tables 1 to 4 likewise give no indication of 
such cases. The interpretation that crossing over involves only two 
strands at any one level has also been derived from the study of crossing 
over in triploids (BRIDGES and ANDERSON 1925). On this interpretation 
the products of crossing over in a given region will be two complementary 
crossovers and two complementary non-crossovers. Random assortment 
of these four strands would give X-bearing eggs of the following types: 

16.7 percent complementary non-crossovers 

66.7 percent one crossover and one non-crossover 

16.7 percent complementary crossovers 
Thus the numerical proportion between types 3 and 4 of table 9 becomes 
one index of the randomness of assortment of strands at the reduction 
division. When the totals for the three regions are considered, the type 
with both chromosomes crossovers is above the expectation for random 
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assortment. The observed ratio is 16.2 to 39.8; the random expectation, 
11.2 to 44.8. The deviation is 2.5 times the probable error and the con- 
sistency in the three separate regions is further evidence that the difference 
is significant. Thus, the data indicate that there is a disproportionate 
tendency for any crossover chromosome to be associated with its com- 
plement. Since randomness of assortment is disturbed by attachment of 
the chromosomes at the right, or forked end, it becomes more instructive 
to consider assortment beginning at the point of attachment. Here no 


° ° ° . a 
recombination can have occurred, so only the parental combination 5 


is possible. This must continue (toward the left) to the point of the 
rightmost crossover, where the continuity of the strands is first broken. 
The rightmost observed crossovers are tabulated in table 9. For region 4, 
not included in the table, the frequency for class 3 (crossover and non- 
crossover) is 10.8, but class 4 (complementary crossovers) is not detectable. 


aa ba _ fab 
Classes 2, ad I 3b, — and 5, ab)? cannot occur except when there 


is an intervening crossover between the region under consideration and 
the point of attachment. Therefore, they do not appear in the table. 


TABLE 9 


Summary of rightmost crossovers from table 6. 








TYPE OF ASSOCIATION FORMULA 1 2 3 TOTAL 
aa 
(1) Complementary non-crossovers..... bE 43.9 51.4 69.9 
ab 
(3a) Crossover and non-crossover...... — 3.5 13.3 12.9 29.7 


aa 
ab 


ba 


(4) Complementary crossovers. ........ 4.0 3.2 6.4 15.6 




















Crossing over has been shown (page 412) to involve only two strands, 
the other two strands remajning non-crossovers at that level. If crossing 
over is random between strands, that is, if a given strand is equally likely 


. , ab 
to cross over with any one of the other strands, the ratio of class 3 (=) to 


b 
class 4 (2) should be 2 to 1. The totals for the three regions are 29.7 and 


15.6, very close indeed to the random expectation. The discrepancies in 
regions 1 and 2 are not in serial order and may well be due to errors of 
sampling. The data, then, support the hypothesis (BRIDGES and ANDER- 
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SON 1925, and the preliminary account in MorGAN, STURTEVANT and 
BriwcEs 1924), that assortment is determined at the right or spindle- 
fiber end, that crossing over occurs at the four-strand stage, but only two 
of the four strands cross over at any one level, and that crossing over 
occurs freely, if not at random, between any two strands. On this hypoth- 
esis, randomness of assortment of crossovers should be approached only 
gradually in progressing from right to left along the chromosome map. 

The ratio between the two types of non-crossover combinations varies 
in the different regions due to proximity to the point of attachment. The 
expected ratio on random assortment is easily calculated for regions 
sufficiently distant from the point of attachment that the percentage of 
phenotypic appearance of recessive characters is not reduced, which 
condition is approximated only for region 1. The class of complementary 
non-crossovers includes some derived from cases in which crossing over 
has taken place between the other two strands. These should equal in 
number the complementary crossovers (type 4 of table 8). When these 
are subtracted the difference should equal twice the frequency of the 
identical non-crossover class if assortment is at random. For region 1 the 
difference between the complementary non-crossover and complementary 
crossover frequencies is 53.5. The identical non-crossover frequency is 
27.8. The expectation for random assortment is 54.2 to 27.1. The devia- 
tion is very slight, much less than the probable error, which shows that 
assortment of non-crossovers is at random for this section. 


THE POINT OF ATTACHMENT OF THE X CHROMOSOMES 


If the characteristics of crossing over and assortment which prevail 
throughout the region from cut to forked are continued beyond forked to 
the point of attachment, this distance can be calculated. The frequency 
value for crossovers between forked and the point of attachment will be 
the frequencies of homozygosis of forked and of the normal allelomorph 
of forked plus twice the frequency of combinations of complementary 
crossovers. The latter cannot be detected, but if assortment is the same 
in this region as in the others under observation, they should be half as 
frequent as the crossover-non-crossover combinations which lead to 
homozygosis of f or its allelomorph. The percent oi crossing over between 
forked and the point of attachment then becomes equal to the percent of 
homozygosis of f and its allelomorph. This gives a value of 10.8 from the 
data in table 6. From the phenotypic data in table 5 a corresponding value 
of 10.4 is obtained. These values would place the point of attachment in 
the neighborhood of “bobbed,” the rightmost known gene, which had 
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previously been mapped at 70+ by BripGEs and STURTEVANT. Pre- 
sumably the point of attachment is at the very end of the chromosome and 
the locus of kobbed very near there. 


DETACHMENTS 


The attached X chromosomes characteristic of this line, occasionally 
become detached. These detachments give rise to regular offspring. Four 
regular males and 3 regular females are recorded in tables 1 to 4. In the 
same tables are recorded 4802 bar males and 4344 broad echinus females. 
The proportion of regular offspring is thus about 1 per 1300. Since all the 
eggs resulting from detachment should be fertile, whereas only one-half 
of the XX and Y eggs give viable zygotes, the frequency of detachment 

TABLE 10 


Constitution and origin of regular offspring from detachment of attached X chromosomes. 











CONSTITUTION OF 
CONSTITUTION OF REGIONS UNDER 
SEX CHROMOSOME FROM . CROSSING-OVER REGION 
FEMALE PARENT OBSERVATION 
FEMALE PARENT 
tf 
fot tf -— 0 a ae 
Ce g 
t f 
9 tf — 0 aera 
Ce g 
tf 
rou ra 4 — 0 ee ae 
Ce g 
tf 
J rn 4 — 0 in; 
cg 
t f 
rot gf — 3 1.2.3 
Ce g 
ct 
9 f sat 2 1, 2, 3 
g 
t 
2 gf — 0 2,3 
gf 
t 
9 tg —— 0 3 
tg 
tf 
J t caitinione 0 0 
t 
t 
roi tg —_— 0 3 
ig 
Cr 8 
fot Cg cst 0 0 
Ce g 
t 
F t Fa 3 3 
ig 
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is only about 1 per 2600. The fact that no culture has given more than 
one regular male or female indicates that the detachments occur at or near 
the maturation divisions. 

The X constitutions of six of the above regular males and females have 
been identified. In addition, six others of known parentage have been 
identified. A tabulation of the constitutions of parents and regular 
offspring is given in table 10. Three of the twelve are crossovers in regions 
under control. For region 1 there were no crossovers out of six cases. For 
region 2 there was one crossover out of seven cases. For region 3 there were 
two crossovers out of ten cases. It is evident that detachment of attached 
chromosomes is not strongly correlated with the presence or absence of 
crossing over. It is probable that the distribution of crossing over in 
chromosomes which become detached is similar to that in chromosomes 
which remain attached. 


SUMMARY 


From an X-rayed F; female of a cross between scute apricot cross- 
veinless tan forked (s. w* c, ¢ f) by broad echinus cut garnet (0, e. ¢: g), 
one non-disjunctional daughter was obtained which gave only exceptional 
offspring. In appearance it was broad echinus. Its X constitution was 
by ce Cy t f 
be @e Gg 
When such a female is mated to a bar male, only broad echinus females 
and bar males are produced. 

Among the broad echinus daughters are some which show one or more 
of the recessive characters which were heterozygous in the parent. In 
general, only the genes present in one of the two attached chromosomes 
become homozygous in any one daughter. 

Data have been collected on the frequency of appearance of the re- 
cessive characters cut, tan, garnet and forked in the female progeny of 
heterozygous mothers of known constitution. The frequencies are: 
cut 15.5, tan 16.1, garnet 9.5, forked 5.2. 

The data presented are evidence that crossing over occurs at a four- 
strand stage. If the four strands were assorted at random, each character 
should appear in one-sixth of the daughters. The percentages for cut 
and tan approach, but do not quite equal, the expectation for random 
assortment. The decreasing percentages from tan to forked indicate that 
the chromosomes are attached at the forked end. 

A study of the genotypic constituticns of 188 broad echinus daughters 
shows that crossing over has taken place about as expected for these 
factors in ordinary lines of Drosophila. 


, the two X chromosomes being attached at the forked end. 
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Evidence is presented showing that crossing over takes place between 
only two of the four strands at any one level. 

When a single crossover region only is considered, a crossover chromo- 
some may be associated with its complement or with a non-crossover 
chromosome. When only the crossovers nearest to the point of attach- 
ment are considered, crossing over appears to be random, association 
of strands being determined by their attachment. These data support the 
hypothesis that assortment of chromosomes is determined at the right or 
spindle-fiber end, that crossing over occurs at the four-strand stage but 
only two strands cross over at any one level, and that crossing over occurs 
freely between any two strands. 

The point of attachment calculated from the crossing-over data and 
the percentage of homozygosis of forked, should be about 10.6 units 
beyond forked. 

Occasionally, the attached chromosomes become detached, giving rise 
to regular male or female offspring. The frequency of regular offspring 
is about 1 per 1300. These regular offspring may be crossovers or non- 
crossovers. The percent of crossing over is probably similar to that shown 
by the exceptional daughters. 
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INTRODUCTION 


An investigation of crossing over in triploid females of Drosophila was 
undertaken, partly from an interest in the problem of crossing over where 
three instead of two homologous chromosomes are involved, and partly in 
hope that it would throw light on the mechanism of crossing over under 
the ordinary diploid condition. The advantage of using triploids is that 
over forty percent of their offspring come from eggs in which two homolo- 
gous chromosomes, instead of one, have been derived from a single process 
of maturation. The constitution of the other homologues derived from 
that same maturation, but lost to the polar body, can only be deduced 
from the characteristics of the two that can be directly observed. Such 
an opportunity to analyse the products of a.reduction division had 
previously been restricted to the few sporadic cases of so-called ‘‘equational 


1 Papers from the Department of Botany of the University oF MicuicaNn, No. 226. 
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non-disjunction” (BRipGES 1916). Subsequently, two other means have 
arisen. One is the study of crossing over in cases in which two X chromo- 
somes are permanently attached to one another (ANDERSON 1925, L. V. 
Morcan 1925, A. H. StuRTEVANT unpublished). The other is by arti- 
ficially increasing the frequency of “‘equational exceptions” through use of 
X rays (unpublished results of ANDERSON). These four means of analysis 
give results that, so far as can be judged at present, are in substantial 





agreement. In this paper we intend to present only the facts immediately 
derived from the study of the 37 female, leaving the more general consider- 
ations for treatment when the data from all four methods of analysis are 
available for comparison. The present study is restricted to the X chromo- 
somes, because of technical difficulties in the case of the autosomes. For 
previous information on 37 females, see BRIDGES 1921, 1922. A pre- 
liminary account of the present experiments and findings has been included 
in the Year Book of the CARNEGIE INSTITUTION OF WASHINGTON 1923, 
p. 286. 


PLAN 


The general plan of our test was to synthesize triploids of known con- 
stitution with a sufficient number of factor differences so arranged that any 
considerable portion of any X chromosome could be identified in the 
progeny. The progeny to be studied were the exceptional diploid females, 
since each of them carried two X chromosomes from their triploid mother. 
Previous data (BripGrs) had shown that these form about 41 percent 
of the total offspring of triploid mothers. The total distribution is shown 


TABLE 1 


Offspring of 3nQ X bar o. (BRIDGES.) 





























EGG SPERM ZYGOTE TOTALS PERCENT 
2X2A* XA 3n female 105 3.9 
YA Intersex, exceptional 104 3.8 
1X1A XA 2n 9, regular 154 5.4 
YA Male, regular 162 6.0 
2X1A XA Superfemale 36 1.3 
YA 2n 2, exceptional 1116 41.1 
1X2A XA Intersex, regular 898 33.1 
YA Supermale 142 Sea 





* The symbol A is used to designate a set composed of one representative of each kind of 
autosome. 
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in table 1. The productivity of the triploid is quite low, the total progeny 
averaging about 60 individuals, the nvmber of exceptional females 
averaging about 25. 


REQUIRED CONSTITUTION OF THE TRIPLOID 


In order to identify crossovers, it was necessary to have each of the 
three X chromosomes of the triploid differing by known genes at intervals. 
Five points on the map (I, II, III, IV and V, figure 1) were selected, at 
or near each of which two different genes were located. For example, with 
regard to the leftmost of these points (I), one chromosome may be marked 
by the recessive mutant yellow, the second by the norme! allelomorph of 
yellow, and the third by scute, a recessive that ordinarily shows no 
crossing over with yellow. The following chromosome map shows graph- 




















y sc bi rb cy t lz m dy Pe 
' Lu T * ' Li 
0000+ 69 75 140 27.5 27.7 361 362 568 $70 
I I Il WV V 
_¥ cv t f 
aq) = t t t t t 
rb cv ™m B 
b) | } } Pr 
sc 
c) | e -v ra “y 
—_ —_————— —Y_ 
1 2 3 4 


FicurrE 1.—Maps of the X chromosome showing standard loci of genes used in studies on 
crossing over in the triploid and a graphic representaticn of the constitution of the triploid 
females. 


ically the location of the selected genes (figure 1, upper line). The dis- 
tance between yellow and scute is 0.0 units, between bifid and ruby is 0.6 
units, between tan and lozenge 0.2 units, between miniature and dusky 
0.1 units, between forked and bar 0.2 units. These distances are all so 
short that crossing over within them can safely be neglected. 

Three diploid stocks were planned to furnish these genes in combinations 
such that the viabilities would be approximately equal. In addition, each 
stock was made recessive for crossveinless (locus 14.0), to enable us to 
distinguish the exceptional ofispring. The combinations selected were 

(a) Yellow crossveinless tan forked; 

(b) Ruby crossveinless miniature bar; 

(c) Scute bifid crossveinless lozenge dusky. 
The total constitution of the required triploid is shown graphically in 
figure 1, lower three lines. 
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Two other stocks were needed as “testers.” For these the two com- 
binations yellow ruby miniature forked and bifid tan lozenge dusky were 
selected. Their purpose and use are described below. 


SYNTHESIS OF THE REQUIRED TRIPLOID 


The first step in the synthesis was to make up the five diploid stocks, 
a tedious but necessary process. This was facilitated somewhat by the use 
of L. V. Morcan’s “double-yellow” stock (L. V. MorcGan 1922) for 
multiplying males at certain stages. Although four months were required 
in making up these stocks, no unlooked-for difficulties were encountered. 

As soon as males of the first stock, y c, ¢ f, were available, they were 
mated to triploid females. Their triploid daughters were again mated to 
y cy tf males. This process was repeated a third time in order to obtain 
a line of triploids homozygous for y c, tf. Unfortunately, when these were 
obtained, they proved sterile. This difficulty was finally overcome by 
using one ¢, ¢ f and two yc, tf chromosomes. The non-yellow triploid flies 
proved fertile and could be used. This stock we have designated as our 
triploid base. The absence of yellow in one of the chromosomes made it 
necessary to discard a third of the cultures in later stages of the synthesis 
when a test could be made for the presence of yellow. 

These triploids were mated to ruby crossveinless miniature bar males. 
Their triploid daughters which showed bar were then mated to scute 
bifid crossveinless lozenge dusky males. Only about half of their triploid 
progeny should be of the required constitution. The not-bar triploids 
obviously lacked an intact chromosome ‘‘b” and hence were discarded. 
The others were crossed with the first tester stock, yellow ruby miniature 
forked. This test mating, as described below, enabled us to discard the 
remaining triploids that, because of crossing over, were not of the required 
constitution. 


THE FIRST TESTER STOCK AND ITS USE 


Since the data were to be obtained from the exceptional diploid off- 
spring, the X chromosome of the male used at this stage must carry the 
normal allelomorph of c, to make possible the recognition of exceptional 
ofispring. As this chromosome was not to enter into any flies which were 
to be carried further, it might contain any other genes desired. This made 
it possible to use a stock which would help test the constitution of the 
triploid female to which it was mated. Since the s, b; c, 1, d, chromosome 
had just been introduced into the triploid through the sperm in the last 
previous mating, it must be present intact in all of the triploids and need 
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not be tested for. The other two had had an opportunity for crossing over 
and might not be intact. Likewise, y might be absent, due to getting the 
wrong chromosome from the triploid base stock. The sons would give an 
indication of the constitution of the triploid, but would be very few in 
number. By introducing the proper recessive factors through the male, 
the more numerous intersexes could also be used for deducing the parental 
constitution. The presence of an intact chromosome “‘a” could be tested 
for by means of the end-points y and f. Likewise, chromosome “‘b”’ could 
be tested for by the two points 7, and m, and the presence of bar. The 
combination y 7, m f was accordingly used as a tester. Cultures were 
discarded which failed to show all of the test points y r, mf and bar in 
the males and intersexes. 

At this point another difficulty was encountered. Practically none of 
the triploids gave progeny when mated to males from the tester stock. 
Low fertility in the tester stock made this stock seem the probable 
source of the difficulty. So it was discarded, and a new y 7 m f stock was 
built up from different sources. It proved much more fertile. The laborious 
synthesis of the a-b-c triploid then had to be repeated, starting from the 
triploid base stock, since the later stages could not be retained. Ultimately, 
several of the crosses were successful, and we were then able to proceed 
with the tests of the exceptional females that were produced. 


THE SECOND TESTER STOCK AND ITS USE 


The exceptional diploid females derived from the mating of the triploids 
with the first tester stock were readily identified by the presence of the 
character crossveinless. It was then necessary only to identify the con- 
stitution of their two X chromosomes. This could be done through their 
male ofispring. Some difficulty was anticipated due to certain characters 
interfering with the classification of others. Thus, tan cannot be identified 
in the presence of yellow, nor dusky in the presence of miniature. Bifid 
was expected to interfere somewhat with miniature and dusky, and bar 
with lozenge. To overcome these anticipated difficulties a second tester 
had been made up, of constitution );¢/, d,. Males of this stock were used 
for mating to the exceptional diploid females to be tested. This enabled 
us to positively identify these four characters in the female offspring. 
Also, and equally important, the use of the tester gave additional linkage 
data by which these mutants could be referred to their proper relations in 
the chromosomes of the mother. Bar, being dominant, could likewise be 
placed by study of the female offspring. The remaining genes could readily 
be placed from the male offspring. Counts were not made except in difficult 
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or unusual cases where there might be some doubt, or in cases where only 
a small number of offspring were produced. 

Due to a shortage of flies of the second tester stock at one time, males 
from tan vermilion forked or from scute apricot crossveinless tan vermilion 
forked stocks were substituted in a few of the matings. These proved 
fairly satisfactory, especially since it was feund in practice that bifid does 
not interfere with miniature and dusky, nor bar with lozenge. 


CROSSING-OVER CONTROLS 


It was foreseen that in triploid females the distribution of crossing over 
along the X chromosome might be found to be different from that in 
diploid females. In order that any observed difference might safely be 
attributed to the effect of triploidy, rather than to the effect of unknown 
crossing-over modifiers carried by the particular X chromosomes used, 
data were collected upon the crossing-over relations shown by these same 
chromosomes after they had passed through the triploid and emerged 
again in a diploid condition. Full counts were made of the male offspring 
of four females, two of which were of constitution a/b, one a/c, and one 
b/c. The data are given in table 2. 














TABLE 2 
Control data on linkage relations in chromosomes a, 6 and c. 
TYPE 0 1 2 3 a 1,3 1,4 2,3 2,4 3,4 
a/b 196 19 66 43 52 1 5 2 10 2 
a/c 68 20 30 14 24 i ae 1 3 1 
b/c 75 14 38 16 23 © sis ra 2 
Totals 339 53 134 73 99 1 5 3 15 3 
































In addition, partial counts were made of twenty other cultures in the 
course of establishing the constitution of some of the more unusual ex- 
ceptions. These counts are summarized in table 3. A summary of the 
combined data from tables 2 and 3 is given in table 4. The percentages of 
recombination obtained in these controls are the best basis of expectation 


TABLE 3 
Partial data on linkage relations in chromosomes a, 6 and c. 








SECTIONS TOTAL MALES RECOM BINATIONS PERCENT 
(1) 9-7 573 31 5.5 
(2) rols 684 170 24.9 
(3) l-dy 720 66 9.2 
(4) d,-B 862 135 15.6 
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TABLE 4 
Summary of control linkage data from tables 2 and 3. 











SECTION | TOTAL MALFS | RECOMBINATIONS | PERCENT 
ne ina |———— ateinmaminpe-eene |- CS 
(1) | 1298 90 | 6.9 
(2) 1409 322 22.8 
(3) 1445 146 10.1 
(4) 1587 | 257 16.2 





in our experiment. They differ slightly from the standard expectations 
of 7.5, 20.0, 8.7, and 20.8, respectively, for these four sections. 


TABULATION OF DATA 


Of the triploids tested, six were of the correct constitution for our 
experiment. One (D) had all genes represented, but through crossing over 
in the previous generation B was combined with y c, t, and f with 7 c, m. 
The symbols f and B were substituted for each other and the data in- 
cluded. Similarly, in H, y had become combined with 7 c, m B. Here again 
a substitution in symbols was made. Thus the eight groups of data can 
be combined in a single table. A total of 182 exceptional females gave 
sufficient progeny to permit an identification of their constitution. 

The X-constitutions of the 182 exceptional females are given in full in 
table 5, the data being arranged according to the type of crossing over 
involved. The letters a, b, and c are used to designate the three non- 

































































TABLE 5 
The X-constitution of 2n females each of which has received two X’s from the 3n mother. 
l Te ae 
3N MOTHER e| J | A Fr} D | I | H | K | TOTALS 
|—— ce | eee | eee | eee | ee —a 
a-b=y Cet f-ry cm B 41} 4]/4]/4]/3] 2). 28 
0-0 a-c=Y Cy t f-se bi Cy ls dy SIZ ISi SEP pTat 2} 4 28 | 84 
b-c=rp Cy m B-se b§ Cy le dy TES VEEL LS 1 28 
b-y Se bg Cy le dy | Rit a 2 
A-Se 7 Com B PSe2t. 2.399 4 
a-bg Cy 1, dy Bat ae se 2? 1 5 
0-1 b-y bj Cel, dy J eo 1 19 
b-se Cy tf 1 1/1 3 
c-¥ Th Cy mB se ee * 1 
c-t, tf | 1 aE. 3 
a-rh Ce le dy ti" Fh 4 
a-se bg Cy m B eee ae 3 
b-y Ce l, d, 1 ce 1 2 
0-2 b-se bj Cyt f 1 1 | mo 2 | 17 
c-y Cy mB 2 Rice PST 9 5 
C-rp Cr i f 1 ma 1 



































3N MOTHER 
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TABLE 5 (continued) 





a-Se bj Cel, mB 










































































b-y Cy t dy 
0-3 b-se bi Cole f 
C-7p Ce f 
ar, Co Mm 
b-y Cyt 
0-4 b-s¢ bg Cy lz dy f 
c-y Crt B 
C-7p Cy mf 
a-Se Ty Cv Le dy 
0-1,2 C-Y Ty Cyt f 
C-Cy mB 
0-1, 4 A-Se Tp Cy M 
c-Cyt B 
a-r, Cyl, dy B 
0-2,4 b-se bs Co t 
C-¥ Cy mf 
0-3,4 C-r, Co B 
2-2 Se bg Co m B-ry Ce Iz dy 
Y Cy t-Se b§ Cy Le dy f 
4-4 1p Cy M-Se by Cy lz dy B 
y Cy t Bry Cy mf 
2-2,4 Se bg Cy m B-ry Ce le dy f 
Se Th Cy m B-y Cyt dy 
1-3 Y ry Cy m B-se by Cole f 
4-1,2 y Cy t B-se 7p Cv le dy 
3-3 Tp Cy dy-¥ Crim B 
1-1,4 Se Cy t f-b Cole dy B 
Equationals 
0-0 a-a 
a-y bi cy Ie dy 
ary Th Cy mB 
0-1 b-by Cy l, dy 
b-c, if 
C-Se Cot f 
b-se bg Cy m B 
0-2 b-rp Cv 1, dy 














C-Se b§ Cy m B 

















TOTALS 
1 
1 4 
1 
1 
3 
2 
1 9 
2 
1 
1 
1 4 
2 
2 3 
1 
1 
1 3 
1 
1 1 
1 1 
1 
1 3 
1 
1 1 
1 2 
1 
1 1 
1 1 
1 1 
1 1 
3 
1 
2 10 
3 
1 
1 
1 3 
1 
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TABLE 5 (continued) 


































































































| 3N MOTHER E J A F D I H | K | TOTALS 
0-3 a-y Cot mB ook eck © Tox Beis! Pew TER, 2 2 
a-y bg com B ie Mae: xe oe 1 
0-1,2 C-Se Th Cot f gf Hg eis 1 3 
c-hi cot f ae 1 
| SS SS ee ee ee ee = 
0-1,3 C-Se 1h Co f on Tn ee ee ee on 1 1 
0-1,4 | b-cy é ge Tea WS Bes, ee, Bees 1 1 
0-2,4 b-s¢ bg Cy m f Oo ck ae ye Se ee ee 1 1 
0-1,2.4 c-bg Cy mf ba Soe ee ee ne Boe Bes 1 1 
1-2 Se Cy t f-¥ Cy ly dy pie Oe Bee Dee ie ee Bed 1 2 
y bg Cv le dy-y Ce m B we ee oe ee ee fe tee 1 
Dg Ce le dy-se bg cyt B oS Ke Ba he Rex Bes 1 
1-2,4 Se Cyt f-¥ Cy m sre. Bite Ree ves) Wee. Exe 1 2 
3-1,3 1b Cy dy-bi Cyl, m B a th ee oe ee a 1 1 
Totals 60 132 |29 (25 |15 |13 | 6} 2 | 182 4182 








crossover chromosomes, y ¢, tf, fT Cy m B,and s, b; Cy 1, dy, respectively. 
The individual genes are given for all chromosomes derived from crossing 
over. 

Table 6 presents the same data in a more schematic form, with the 
letters a, b and c substituted for the factor symbols. The letter indicates 
the original chromosome from which the particular gene was derived. 


THE SOURCES OF THE GENES OF THE EMERGING CHROMOSOMES 


The 182 exceptional individuals give a total of 364 distinct X chromo- 
somes, each of which has emerged from an a-b-c triploid mother. A classifi- 
cation of these 364 chromosomes according to the source of the genes 
shows (summary in table 7) that 69 percent of the emerging chromosomes 
are identical with an original chromosome; that is, they are either a, b or 
c, each intact throughout. About 28 percent are composed of sections 
taken from some two of the three original chromosomes, from a and b, 
from a and c, or from b and c. These chromosomes have arisen through 
a process of crossing over. The kinds and frequency of the crossing over 
will be examined in detail in a following section. Finally, nearly 3 percent 
of the emerging chromosomes contain parts taken from all three of the 
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TABLE 6 
Generalized constitutions of exceptional offspring of triploid females. 
EXCEPTIONS, NON-EQUATIONAL EQUATIONALS 
0 aaaaa 28 bbbbb 1 0 aaaaa 1 
0 bbbbb ccecca 0 aaaaa 
aaaaa 28 0 C6 ¢ cic 2 aaaaa 3 
céeece 4 aaaab accce 
bbbbb 28 Cee Ge 1 aaaaa 1 
Ceceec bbbba abbbb 
bbbbb 2 aaaaa 1 | 0 bbbbb 2 
acece cbecce 1 beecce 
aaaaa a 0 cecce 1 bbbbb 3 
cbbbb 1,2 abaaa baaaa 
aaaaa S cccee 2 CctCcec 1 
0 becce babbb caaaa 
1 bbbbb 1 ; aaaaa 2 bbbbb 1 
accec cbbbe ccbbb 
bb bbb 3 | 0 ceece 1] 0 bbbbb 1 
caaaa 14 baaab 2 bbecce 
ceecec = “? oa aaaaa 1 cctcce 1 
abbbb bbecb ccbbb 
eteae 3 Ed bbbbb 1 0 aaaaa 2 
baaaa sit ccaac 3 aaabb 
aaaaa 4 ececce a aaaaa wy 
bbecce aabba 0 acbbb 
aaaaa 3 0 cece 1 1,2 ecceee 1 
ccbbb 3,4 bbbab cbaaa 
bbbbb 2 2 ccbbb 1 eccecce 1 
aaccc 2 bbecce bcaaa 
0 bbbbb 2 aaaac 1 0 cecec 1 
2 ccaaa 4 ecece 1,3 cbbaa 
etc¢ce 5 4 bbbbc 1 0 bbbbb 1 
aabbb cceccb 1,4 baaac 
ceecce 1 aaaab 1 0 bbbbb 1 
bbaaa bbbba 2,4 ccbba 
Genetics 10: S 1925 
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TaBLeE 6 (continued) 



























































EXCEPTIONS, NON-EQUATIONAL EQUATIONALS 
aaaaa 1 2 ccbbb 1 0 ceccece 1 
eccbb 2,4 bbcca 1,2,4 bcbba 

0 bbbbb 1 cbbbb 1 acccc 1 

3 aaacc 1 aaacc aabbb 
bbbbb 1 | 3 “as its caaaa 1 
cccaa cccaa . aaccc 
cecce 1 4 aaaab 1 becce 1 
bbbaa 1,2 ctcec ccaab 
aaaaa 3 3 bbbcc 1 pe caaaa 1 
bbbbc 3 aaabb ™ aabbe 

0 bbbbb 2 1 caaaa i 3 bbbcce 1 

4 aaaac 14 beccb 13 becbb 

TABLE 7 
Sources of emerging individual chromosomes. 
a b c ab | ac be abc 
89 81 82 33 | 29 40 10 
252\ (69.3 percent) 102 (28.0 percent) (2.7 percent) 











original chromosomes. These are the most interesting of the emerging 
chromosomes, since their production involved crossing over, and hence 
synapsis, of all three of the original chromosomes. 


THE KINDS AND FREQUENCIES OF THE CROSSING OVER SHOWN: BY 
THE EMERGING CHROMOSOMES 
When the constitutions of the 364 emerging chromosomes are examined 


and classified with respect to the section or sections in which crossing over 
has occurred, it is seen (summary in table 8) that about 69 percent of the 











TABLE 8 
Crossovers shown by emerging chromosomes. 
Sections...} 0 1 2 3 4 1,2 1,3 1,4 2,3 2,4 3,4 | 1,2,4 
Total 252 | 36] 25 11 16 8 2 | 5 a 7 1 1 






































Percent | 69.2 24.2 (88) 6.3 (23) 0.3 
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emerging chromosomes have undergone no apparent crossing over within 
the distance from yellow to bar. About 24 percent of the chromosomes 
have resulted from simple crossing over of some two of the original 
chromosomes. About 6 percent have arisen through double crossing over 
involving two or three of the original chromosomes. There was one case 
of triple crossing over that involved all three chromosomes. The nature 
of these multiple crossings over will be discussed in a following section in 
more detail. 

When the cases of crossing over are summarized to show the total 
amount that occurred in each crossing-over section (summary in table 9), 
it is found that the amount of recombination due to crossing over in the 








TABLE 9 
Summary of crossing over in triploid females. 

SECTIONS TOTAL RECOMBINATION CONTROL STANDARD 
RECOMBINATION PERCENT PERCENT — PERCENT 

1 52 14.3 6.9 2.07 : 1 r 

2 41 11.3 22.8 0.50:1 20.0 

3 a 3.9 10.1 0.39 :1 8.7 

4 30 8.2 2 G.st <2 20.8 




















first section is over twice as high as the corresponding percentage for the 
diploid control data. Throughout the rest of the X the crossing over is 
only about half the normal amount. It seems probable that the crossing 
over in the extreme left end is even higher than the high general average 
for section 1, for two of the 364 chromosomes show crossing over between 
yellow and scute, and no case of crossing over between yellow and scute 
has been encountered in diploid material, though several thousand 
chances have occurred. These two crossovers have settled the serial order 
of yellow and scute (scute being to the right of yellow), and have given a 
useful double-recessive stock. 

The fact is clear that in the triploid female there is a regional difference 
of marked extent in the deviations from standard amounts of crossing.over 
fer the X chromosome. This indicates that a unit of crossing over at the 
extreme left end of the X-chromosome map may correspond to a longer 
section of the chromosome than does a unit of crossing over in regions 
further to the right. This had already been indicated by the relatively 
high frequency of mutation per unit of map distance at the extreme left 
end of the map. 


MULTIPLE CROSSING OVER AND COINCIDENCE 


The double crossovers (summarized in table 10) are of two distinct 


types which we shall designate as “recurrent” and “progressive.” In the 
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recurrent type the second crossover takes place between the same two 
chromosomes as the first, and, as a result, a mid-section from one chromo- 
some becomes intercalated between the ends from another chromosome. 


TABLE 10 
Double crossing over and coincidence in triploid females. 

















SECTIONS RECURRENT PROGRESSIVE TOTAL COINCIDENCE pepe sonatas eee 
IN CONTROL COINCIDENCE 
32 6 3 9 1.54 a .20 
1,3 1 1 2 1.00 15 45 
1,4 4 1 5 1.16 -50 SS 
2,3 ne “ Pan es 18 -30 
24 3 5 8 2.31 59 -80 
3,4 1 | - 1 0.87 .30 -40 
Total | 15 | 10 25 

















In the progressive type the second crossover takes place between chromo- 
somes different from the first and as a result the emerging chromosome is 
derived from all three original chromosomes. As examples from table 5, 
the double-crossover chromosome y c, m f (a a b b a) is classified as 
recurrent, while s, b; c, ¢ B (c c a a b) is classified as progressive. The 
1,2,4 triple crossover (b c b b a) can be analyzed into a 1,2 recurrent 
and a 2,4 progressive. 

If the occurrence of one crossover does not prejudice the manner of 
occurrence of the second crossover these two types should be equally 
frequent. As the summary of table 10 shows, there were 15 recurrent and 
10 progressive crossovers. This is not a statistically significant departure 
from equality. That half, or nearly half, of the double crossovers were of 
the progressive type signifies that, in general, two strands that have crossed 
over with each other were as free to cross over with a strand from the third 
chromosome as with a strand from one of the two original chromosomes. 
That is, all three chromosomes must be substantially on a par with one 
another in the manner of synapsis. This is good evidence that synapsis in 
the triploid female, generally, if not always, involves all three chromosomés 
equally throughout their length, and does not follow the type that seems 
to obtain for the sex chromosomes of an XXY female, namely, complete 
synapsis between two with the third left unsynapsed. 

The coincidence values, calculated from the combined recurrent and 
progressive double crossovers, all involve high probable errors and are 
therefore not greatly to be relied upon (table 10). The surprising feature 
is their high values as compared with corresponding indices for control 
and for standard data. In three of the classes the occurrence of one cross- 
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over seems actually to have favored the occurrence of a second (coinci- 
dence over 1.0). A decrease in crossing over accompanied by a rise in 
coincidence shows that it is not simply the frequency of crossing over 
that is reduced (which would give lowered crossing over with unchanged 
proportion of doubles among those that do occur), but that the average 
distance apart of those that do occur is reduced. 


THE GENES ASSOCIATED IN EMERGING CHROMOSOMES 


Having examined the emerging chromosomes individually as to the 
source of their genes and as to the types of crossing over, we may next 
examine the characteristics of the chromosomes that have emerged 
together. From the types of “association” we should be able to deduce 
the types of distribution that have been produced by the two maturation 
divisions. Of the 182 exceptional flies that were examined as to the nature 
of the associated chromosomes, 28 (rightmost column of table 6) were 
found to have chromosomes that were identical for some part of their 
lengths. They possessed two representatives of certain genes of which 
the mother possessed only one. They are called “equational” exceptions, 
since they are of the type that would be produced by failure of the separa- 
tion of sister strands of the tetrad (or hexad in this case). 

The most significant point it. connection with these equational ex- 
ceptions is that they are not necessarily identical throughout their length. 
One may be an original chromosome throughout and the other be a 
crossover composed of a part of that same chromosome joined to a 
supplementary part from a second chromosome. Furthermore, in case one 
is a crossover the other is not likewise an identical crossover at the same 
point. This means that at the time crossing over occurred each of the original 
chromosomes had already become split into two strahds. If crossing over 
occurred before each original chromosome had thus split, then the two 
strands must necessarily be identical throughout their length, and if one 
were derived by crossing over at a particular point between a given two 
original chromosomes, then the other must be an identical crossover at 
that point between the same two chromosomes. As the analysis shows, 
at the time of crossing over there are present in the triploid female six 
strands, and sister strands can undergo crossing over, each with a different 
other strand. This conclusion had already been indicated in the study of 
equational exceptions from diploid females (BRIDGES 1916) and is con- 
firmed by the study of crossing over in attached-X females (ANDERSON 
1925, L. V. Morcan 1925, StuRTEVANT, unpublished) and by the study 
of equational exceptions from X-rayed females (unpublished work of 
ANDERSON). 
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On random distribution of the six strands present before maturation, 
a given strand will be associated with its sister strand in one-fifteenth of 
the cases, and all equational cases should total three-fifteenths or 20 
percent of the cases. This calculation disregards the fact that a given 
strand loses its original constitution through crossing over, so that it 
would be more correct to say that for any given point, e.g., the locus of 
yellow, the equationals are expected to be 20 percent of the total. When 
the associated chromosomes are tabulated with respect to each of the 
five points followed (table 11), it is seen that the values for all the different 
points are far below this expectation. That is, there is a strong tendency 
for genes in sister strands to pass to opposite poles rather than to remain 
together at the same pole. But this tendency is a graded one. At point V 


TABLE 11 
Associations of genes in emerging chromosomes. 








| | 



































I | II | II! | IV | \ | exemenassces 
| | | 
' | - 
as Ci 9 5 | . 4 1 1 12.1 
bb 8 1 | 2 2 1 12.1 
cc 4 4 : 12.1 
Subtotal 21 10 | 5 | 3 2 36.4 
Percent 11.5 | 5.5 | 2.7 | 1.6 1.1 | 20.0 
ab 51 o | 59 60 56 48.5 
ac 55 Cn a) 61 62 48.5 
be 55 53 | 59 58 62 48.5 
Subtotal | 161 | 172 | 7 =| 179 | 180 145.6 
| | 
Percent | 88.5 | 94.5 | o73 | 98.4 | 98.9° 80.0 








(f,B,+) there were only two cases of association of sister genes, which 
gives 1.1 percent of association instead of the twenty percent expected. 
For the points further to the left the percentage is progressively higher, 
being 11.5 at point I (y,s.,+). This seriation shows that the two ends of 
the X chromosome are markedly different with respect to separation of 
sister genes: at the extreme left the association is fairly frequent, but 
probably at the extreme right it does not occur at all. For all except two 
cases, crossing over has occurred to the right of the homozygous section, 
and in these two cases (the y c, ¢ f and the c, m B equationals) crossing over 
between forked and the right end (some 13.5 units still further to the right 
than forked) may well have occurred. This indicates that the right end of 
the chromosome is the end governing the separation of the strands, for 
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which point the first? division is invariably reductional. The second 
division then invariably separates sister strands and the percentage of 
association for the extreme right end is zero. But whenever crossing over 
occurs, the part of one strand distal to the point of crossing over (that is, 
to the left) is replaced by a strand from another homolog. Then at the 
first division, the separation for the extreme right end, and for all points 
between it and the point of crossing over is reductional and for the remain- 
der is equational. At the end of the first division in the triploid female 
the egg nucleus that will give an exception includes four strands, one 
of which, a a a b b, is a crossover between two original strands, and is 
accompanied by a full b b b b b strand. The other two strands are the 
strands reciprocal to the first, namely, a a a a a and b b baa, or are both 
ccccc. Incase the other two strands are both cc c cc, then the second 
aaabb bbbbb 
ccecce.  cccce 
ordinary-type exception. But in case the other two strands are the 
aaaaa aaaaa 

reciprocals then the second division will result in , Or , 
aaabb 


bbbbb 
bbbaa bbbaa 

bbbbb” aaabb 
result in equationals, one results in complementary crossover strands and 
one results in different non-crossovers. The further to the left a given point 
lies, the more numerous should be the cases in which crossing over between 
the given point and the extreme right end would occur and give oppor- 
tunity for an equational exceptional to arise. 

The reason that the separation begins at the right end is presumably 
that the separating mechanism, the spindle fiber, is attached to that end. 
This conclusion has also been reached by a study of the seriation in the 
frequency of equationals that occur in attached-X cases (ANDERSON 
1925, L. V. Morcan 1925, and unpublished work of StuRTEVANT). We 
may therefore regard it as established that the spindle fiber is attached 
at the right end and that the left end is the free, outer, or distal end of 
the X chromosome. 





division will give either , either of which gives an 








Two of these equally probable possibilities 


THE CROSSING-OVER TYPES PRESENT IN ASSOCIATED CHROMOSOMES 


As we have seen, a given gene that was present only once in the mother 
can come out in both X’s of a daughter only if crossing over occurs between 


? As far as the genetic data show, it could equally well be assumed that it is the second division 
that is reductional. To avoid lengthy discussion, we have here followed through only the case 
in which the reduction separation occurs at the first division, as is clearly the case in the male. 
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its locus and the point of spindle-fiber attachment, and accordingly the 
constitution of associated chromosomes with respect to the genes is not 
independent of their constitution with respect to crossing over. The 
analysis just given, together with table 11, was primarily concerned with 
the origin of the genes of the associated chromosomes. In the paragraph 
below, the associated chromosomes will be examined primarily with regard 
to the types of crossing over shown. There are four sections within each 
of which it can be determined whether a crossover has occurred or not, 
and in case it has, which chromosomes have contributed the parts of 
the emerging crossover chromosome. Table 5 is arranged according to 
the crossover formulae of the emerging chromosomes. 

There were 84 cases in which the two associated chromosomes were 
both non-crossovers throughout their length. 

There were 19, 17, 4 and 9 cases in which one chromosome was a 
complete non-crossover and the other chromosome was derived from the 
other two by crossing over in sections 1, 2, 3 and 4, respectively. 

There were a few cases in which the second chromosome had come from 
double crossing over. 

An especially interesting type of case is that in which the two associated 
chromosomes were both crossovers at the same point between the same 
two chromosomes, and were, in fact, complementary products of the 
same crossing over (2-2; 4-4; 2-2,4). 

There were a few cases in which both chromosomes were crossovers, 
but in different sections (1-3; 4-1,2). One strand of a given chromosome 
(a) crossed over with one strand from a second chromosome (b) at one 
place, while the other a-strand crossed over with a strand from the third 
chromosome (c). 

Finally, there is the special case, differing from the above only in that 
one a-strand crossed over with a b-strand in a certain section, while the 
other a-strand crossed over with a c-strand in that same section, though 
most probably not at the same point within the section (3-3; 1-1,4). 

Within the equationals approximately the same types of chromosomes 
with respect to crossing over were encountered. In the one case where 
both chromosomes were identical non-crossovers throvghout the sections 
followed, it is inferred that one of them had undergone crossing over to 
the right of point V, that is, between bar and the spindle-fiber attachment. 

1 bbbbb 

“ ccbbb 

V and the right end. 


individual likewise involved crossing over between point 
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These relations are generalized in table 6, where the space between 
consecutive symbols represents the crossing-over section, and the symbols 
give the source of the genes that emerge on the two sides of the crossing- 
over section. In table 12 is a summary of the cases of the different types 
with respect to each crossing-over section. 

TABLE 12 


Associations of crossovers in emerging chromosomes. 












































TYPE OF ASSOCIATIONS FORMULA 1 2 3 a TOTAL PERCENT 
. a a = - = 
Two non-crossovers, different... . bb 126 140 167 153 586 80.5 
ab 
Crossover and dissimilar non- —- 29 28 8 23 88 12.1 
GG co. Cie oe as ok ha on wes cc 
ab 
(a) 16 7 2 1 26 3.6 
aa 
Crossover and similar non- 
EEE io 
(b)} — 5 2 = és 7 1.0 
aa 
ab 
Two crossovers, complementary. . 9 | 2 1 3 6 0.8 
a 
ee: ee” 
ab | 
Two crossovers, different........ 1 we 1 oe 2 0.3 
ca | 
Aa 
Two non-crossovers, identical....} —= 5 | 3 3 2 13 1.8 
aa 
: . ab 
Two crossovers, identical........ — A me ee cs ast 0.0 




















e 





Thus, if we let a represent a gene from any given chromosome (either 
a, b or c) and b represent a gene from either one of the other two chromo- 
somes, then by far the most frequent type of association was that in 
which both strands were non-crossovers, but the second strand was from 

aa 
a different original chromosome than the first (formula = 

The next most frequent case was that in which one strand was a 

crossover between two different original chromosomes and the other 


ab 
strand came from the third original chromosome (— : 


Another type of case is that in which a crossover strand is associated 
with a non-crossover strand from one of the two chromosomes involved 
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in the crossing over. This type of association gives rise to equational 
exceptions. The above general type has two subtypes, namely, that in 
which the homozygous gene is to the left of the crossover point (formula 


ab ba 

pe and that in which it is to the right of the crossover point (formula - 

On chance, these two types should be equal, but it was found that they 
ab ba 

were clearly unequal, in that 26 were pyr while only 7 were aa A con- 


sideration of the spindle-fiber attachment has shown that equationals only 
arise when a crossing over occurs somewhere to the right of a given gene; 


ab ba 
therefore, the equationals should all be of the op type, and none of the wees 


type. The assumed discrepancy is only apparent, for closer examination 
of these seven cases shows that in each of them the original situation had 
been disturbed by a crossing over of one or the other strand still further 
to the right. 

The association of a crossover chromosome with a non-crossover similar 


ab 
to one of its own parts (~) should be half as frequent on chance asits 


association with the third chromosome (=). This holds approximately 
only for the leftmost section, and is about one-fourth for sections 2 and 3, 
while only one of the 24 crossovers of section 4 was of the ~ type. An 
important comparison may be had when only the rightmost crossovers 


ab 

are considered. These are summarized in table 13. The ratios of the == 
ab we , 

to the oc type of association are practically the same as when all cross- 


ab 
overs are considered (table 14). The very low frequency of the ~r type for 


region 4 may well indicate the absence of this type of association at the 
extreme right end, that is, near the spindle-fiber attachment. The grad- 
ually increasing frequency toward the left may be accounted for, at least 
in part, by the increasing possibility of crossing over further to the right 
in the chromosome which supplies the left-hand section of the observed 


ab 
crossover chromosome. In such cases the == type of association may be 
aa 
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ab 
derived by the same process which gives rise to the sy type. Any such 
, ; ab ee ; ‘ 
increase in the mae type of association should be accompanied by a slight 


ab ; , 
decrease in the a type. In the absence of interference, the percent of 


invalidity of the left crossover section, due to crossing over to the right 





















































TABLE 13 
Association of crossovers in emerging chromosomes; rightmost crossovers only. 
TYPE OF ASSOCTATION FORMULA 1 2 3 4 TOTAL 
aa 
Two non-crossovers, different................ bb 84 | 113 142 153 | 492 
eras ab 
Crossover and dissimilar non-crossover........ -— 19 24 6 23 72 
cc 
oe ab 
Crossover and similar non-crossover.......... — 10 4 2 1 17 
aa 
ab 
Two crossovers, complementary.............. c < 1 1 3 5 
ba 
: ab 
_ Two crossovers, different.................-. — ne * 1 ry 1 
ca 
TABLE 14 
‘ rote E ab ab 
Comparison of seriation of ratios of —to=—. 
cc aa 
TYPE OF ASSOCIATION 1 | 2 3 o TOTAL 
All crossovers (table 12)............ 1.8 | 4 4 23 3.4 
Right-hand crossovers (table 13).... 1.9 | 6 3 23 4.2 

















of the observed crossover, should equal the percent of crossing over 
between the region and the spindle-fiber attachment. Allowing for six 
percent of crossing over to the right of forked and bar, the invalidity 
would amount to about 10 percent for the mid-point of region 4, 16 percent 
for region 3, 24 percent for region 2, and 36 percent for region 1. Inter- 
ference would reduce the percentage, especially in the right-hand regions, 
whereas the high frequency of double crossing over where longer regions 
are involved, as shown by the extremely high coincidence values, should 
give a marked increase in the left-hand regions. Crossing over to the 
right of point V would similarly invalidate either chromosome. 
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ab 
Another type of association is that of complementary crossovers, 
a 


ab 
This type is expected to be half as numerous as the ny type, and a quarter 
ab D . 
as numerous as the a. type. In fact, it was far below either of these 
c 


ab 
expectations, having been only one-fifteenth as numerous as the mr type. 


When only the right-hand crossovers are considered (table 13), the 
proportions remain the same. There is a suggestion of a seriation in- 
creasing from left to right. 

An unknown, but probably small, proportion of the cases that are 


ab 
apparently ba may have been really examples of another type, namely, 


one in which each of the two strands of a given original chromosome has 
crossed over somewhere within a given crossing-over section. Thus, if 
a strand from a given chromosome crosses over with the sister strand from 
the second within that same section, then it is possible for an a b strand 
to be associated with a ba strand without the two having been com- 
plementary products of a single crossing over. If each of two sister strands 
crosses over within a given section with a strand from a different other 
ac 
ba 
of this were found, and this fact is a strong argument that all three 
X chromosomes were in synapsis throughout their length, and not simply 
that the left ends of two were synapsed and the right end of the third 
was synapsed with the right end of one of the first two. This argument is 
the stronger the shorter the section in which both strands crossed over 
with strands from different other chromosomes. Section 3 seems short 
enough to meet this requirement, and one of the two cases occurred there. 

Cases in which both associated strands are identical non-crossovers 


chromosome, then an type of association can arise. Two clear cases 


aa ‘ : 
(——) arise when there has been crossing over in some section to the right 
aa 


of that considered. They are equationals. Only a few such cases were 

found, and this fact shows that most of the seriation present in the 

proportions of homozygosis (table 11) was not due to accumulated 

crossovers, but rather due to the seriation from right to left in the ratio 
ab 


ab a 
of — to = association. 
aa ec 
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A very significant feature is the total absence of the association of 
ee ab ; , 
identical crossovers ~*5 This class would be expected to occur freely if 
crossing over occurred before the splitting of the chromosomes, whereas 


ab ab 
the pd and “3 classes would be impossible. The frequent occurrence 


ab 
of the latter classes together with the total absence of the ms 3 class proves 
a 


that crossing over does not occur until after each original chromosome 
has split into two strands, each of which then follows its own separate 
course during the crossing-over process. 

The question arises as to the possibility of crossing over between the 
two strands that are derived from the same original chromosome. Since 
such crossovers do not lead to recombination of linked characters, they 
cannot be detected directly. If they occur with a frequency equal to that 
of crossing over between any two other strands, one-third of the total 
crossing over in the diploid would be undetectable, whereas in the triploid 
it would be only one-fifth. A systematic increase of approximately 20 
percent in the observed crossing over in the triploid might then be ex- 
pected. However, the specific changes in crossing over in the triploid, that 
is, the reduction in regions 2, 3 and 4, and the large increase in region 1 
mask any difference that might be due to crossing over between sister 
strands. 


SUMMARY 


In order to study crossing over in the triploid condition, triploid 
females of Drosophila melanogaster were synthesized in such a way that 
five points in each of their three X chromosomes could be identified in 
their progeny. The X constitution of these triploids is represented 
graphically in figure 1 (page 420). Only the exceptional diploid daughters 
are included in the data. These contain two X chromosomes derived 
from their triploid mother and none from their father. The advantage 
of using the exceptional daughters is that their two X chromosomes were 
derived from a single odcyte. The constitutions of 182 exceptional 
daughters were identified and are given in detail in tables 5 and 6. 

Of the chromosomes present in the exceptional daughters, 69 percent 
were non-crossovers, 28 percent were crossovers involving two of the 
three original chromosomes, and about 3 percent were crossovers in- 
volving all three of the parental X chromosomes. 
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Crossing over in the region from yellow to bifid was twice as high as in 
the diploid controls. In the regions to the right of bifid it was only one-half 
as high. 

Two types of double crossing over were found: a recurrent type in which 
the second crossover takes place between the same two chromosomes as 
the first, and a progressive type in which the second crossover takes place 
between chromosomes different from the first. The latter type gives a 
chromosome derived from parts of all three original chromosomes. Of the 
double crossovers obtained, 15 were recurrent and 10 progressive. This 
shows that synapsis generally involves all three X chromosomes and that 
a crossover in one region does not markedly prejudice which strands 
may cross over in another region. 

Coincidence values are unusually high, indicating that double crossing 
over occurs more freely than in the diploid condition. 

Of the 182 exceptional daughters examined, 28 had X chromosomes 
identical in some part of their lengths. Such females are known as equa- 
tional exceptions. In only one case did the two X chromosomes seem 
identical throughout. The remaining cases were identical for a part of 
their length only. This shows that at the time crossing over occurred each 
of the original chromosomes had already become split into two strands. 

The percentage of equationals was lowest for the right end, being 1.1 
for point V (f B+). It increased progressively toward the left, reaching 
11.5 percent for point I (y s, +). Random assortment should give 
20 percent of equationals for any point. It is believed that the separation 
of strands is controlled by spindle fibers attached to the extreme right 
end, at which point the first division would be always reductional, and 
that equationals occur as a result of crossing over. The progressive 
increase toward the left, in the percentage of equationals, is interpreted 
as due to an accumulation of crossovers of the type which gives rise to 
equationals. 

The crossovers present in associated chromosomes are classified and 
summarized in table 12 and discussed in the accompanying text. Several 
of the relative frequencies depart widely from the frequencies expected 
on random assortment. Further evidence is adduced to show that crossing 
over does not occur until each of the chromosomes has become split into 
two strands. 
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INTRODUCTION 


The geneticist working with the chlorophyll pigments of plants is rapidly 
discovering that their genetic complexity parallels their chemical intricacy. 
In maize, for example, more than a score of fundamentally different genes 
are already known to comprise the hereditary complex of these pigments. 
Most of these directly control the green components of the leaf pigment, 
as evidenced by their genetic behavior with respect to-albino and virescent 
seedlings. In addition, there are not less than fifteen hereditary factors 
which influence the distribution or the pattern of chlorophyll in the plant, 
but these are not considered as affecting the pigment itself, fundamentally. 
Heretofore, only one gene has been reported that directly affects the 
yellow components, the xanthophyll or carotinoid pigments. A second 
gene involving these yellow colors has now been found, and its genetic 
behavior and linkage relations determined. 


THE L; FACTOR 


Genetic behavior toward albino genes 


The first factor controlling yellow pigments in maize was reported in 
1917 by the writer (LinpsTrom 1917) and its genetic reaction with other 


1 Paper No. 7 from the Department of Genetics, Iowa State Cottece, Ames, Iowa. 
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LINKAGE RELATIONS OF YELLOW PIGMENT IN MAIZE ta 


genes reported in greater detail in two later papers (LINDSTROM 1918, 
1921). In these reports it was symbolized by the letter / (from the Latin 
luteus). The symbol has now been changed to /; so as to differentiate it 
from the second factor involved in the genetics of the yellow pigments. 

Gene /, governs the formation of a distinct yellow color which may be 
apparent in the mature plant or in the seedling stage. Its actual appear-~ 
ance in the mature plant is demonstrated in the Japonica type of striping, 
common in ornamental maize plants. When gene /, is present, such 
Japonica plants have alternate stripes of green and yellow, whereas when 
L; is present the stripes are green and white. Gene /, is best known in the 
seedling stage, where with the proper genotype it develops into a distinct 
pure-yellow seedling. 

Its interactions with other known seedling genes have been reported 
earlier (LINDSTROM 1921), but they may be summarized as follows, being 
different from those of the second gene for yellow: 

LiWiV, green 
LWiV, green 


LiWy, virescent-white 
LywiV, white or albino 
Lywy, white or albino 
1,W y, virescent yellow 
LwiV, pure yellow 
1,w?, pure yellow 


In addition the relations between /, and other albino genes, we and ws 
(LINDSTROM 1924), are reported herewith. It may also be added that J, 
is borne on the same chromosome as the R aleurone factor and the g 
chlorophyll factor for the golden type of plant. Some of its newer linkage 
relations, notably with we and d; (defective endosperm) are reported here 
for the first time. 

When /; and the three different recessive albino genes wi, we and ws? 
are introduced into the same plant by means of appropriate hybridiza- 
tion methods, so that a tetra-heterozygous plant of the composition 
Lih,WiwiW.2w2W3ws is produced, the following interaction of factors 
takes place: 

L,\WiW.W:;, green seedlings 
lL.W.iW.Ws, green seedlings 


* This albino gene, ws, is the same as that reported in a previous paper (Linpstrom 1924). 
It has not as yet been tested against the albino gene of the same number, described by DEMEREC 
(1923). 
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LiwiW Ws, white seedlings 
L,Ww.Ws, white seedlings 
LW wWws, white seedlings 
LW wows, white seedlings 
LiwiWews, white seedlings 
Lywyw2.W;, white seedlings 
L wi wews, white seedlings 
1,wiW2Ws3, yellow seedlings 
L,W wWs, yellow seedlings 
L.WiWws, yellow seedlings 
L,W wows, yellow seedlings 
LwiW ews, yellow seedlings 
1,wyweW s, yellow seedlings 
L,wyWet’s, yellow seedlings 


The above factorial irteraction is merely a complex modification of the 
12:3:1 ratio, the fundamental relation being as follows: 


12 { 9 LW, green 

3 IW, green 

3 3 Lw, white 
1 1 lw, yellow 


Before the data that shall prove the above situation are discussed, it 
might be well to call attention to two general relations expressed by this 
factorial interaction. First, there are two pure genetic types of green 
plants, one with Z; and the other with /;. The former never gives vellow 
seedlings in F, when crossed with albino-carrying greens, whereas the 
latter always does. This has been abundantly proven and verified many 
times. Second, none of the albino genes, which apparently are only related 
to the green components of the plant pigment, are capable of inhibiting the 
development of yellow color as they do the green pigment. In other words, 
their effect is entirely restricted to the green pigment, since the yellow 
pigment is always produced by /,/, whenever w:, we: or w3 are present in 
a homozygous condition. This obviously indicates a certain independence 
of the two types of pigments. This may have a general physiological 
meaning, especially when we shall consider later that the second yellow 
gene acts otherwise with respect to these same albino genes. 

Data to prove the factorial interaction noted above come largely from 
a cross involving the following parental genotypes: 

yy Lil, Ww. W2W2 W3W3 DD; X VY LiLi WiW,: Wwe Wsws Dd; 
In other words, the pistillate parent was a white-seeded, green plant which, 
when self-fertilized, gave a seedling progeny of 12 green : 3 white : 1 yellow, 
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TABLE 1 


Individual Fz progenies showing seedling segregation. P, genotypes, 
DLl,WiwW.W2W Ws X L,LiWiW WwW sw. 





F2 SEGREGATION 



























































Fi GENOTYPES PEDIGREE Expected (based on 21.7 
NUMBER Observed percent crossing over be- 
’ tween L; and W:) 
| Green White | Yellow | Green White | Yellow 
L,WiW.W3° L.WiW.Ws 5950 108 
and 5956 838 
LWiW.2W; ° L,.WiW2Ws 5984 144 
5985 158 
Total 498 ia at 498 
Lyw,W2W3 - LW,W.Ws; 5347 99 33 
5970 225 54 
5981 118 40 
Total 442 127 i 427 142 
L,WiW.W; * LiWiw.Ws 5974 102 37 
5978 204 59 
Total 306 96 me 301 101 
L,WiW.Ws° LiWiW2ws 5965 117 40 
5967 176 72 
5969 202 56 
5972 142 51 
Total 637 219 i 642 214 
LywWW3 > LWiw.W3 5952 184 110 
5955 154 123 
5968 125 118 
5973 157 112 
5976 98 74 
Total 718 537 sn 706 549 
LwW.2Ws; - L,WiWews 5337 50 46 
5339 40 31 
5345 58 31 
5349 76 71 
5962 149 113 
Total 373 292 i 374 291 
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_ So a ___ TABLE 1 (continued) | 22 Et: eee eee Ie, 
Fs SEGREGATION 
F: GENOTYPES PEDIGREE Expected (based on 21.7 
NUMBER Observed percent crossing over be- 
tween Zi and W:) 
Green White Yellow Green White | Yellow 
LLWiW.W; - LaWrwe's | 5342 | 116 81 | 
| S951 | 168 123 | - 
| 5983 | 163 123 | ee 
Total | | 447 | 327 | 435 | 339 | .. 
LwiWeWs; + LiWiwews | 5971 | 121 | 156 117 160 
— |——$ |__| — eee _a 
hwW:Ws;- L,.WiW.Ws | 5343 | #2 14 3 | 
| 5348 | 126 | 36 | 10 | 
5954 204 47 11 
5960 264 60 20 
5979 241 70 22 
Total 907 | 227 66 | 900 25 75 
LWiW.W;° LiW.:Wows 5963 178 36 14 171 43 14 
LWiW.W;° LiWiw.W 5338 267 72 3 
5341 192 48 2 
5961 356 90 a 
Total 815 210 10 804 220 11 
hwiWoWs° LWiWsws 5344 164 97 20 
5959 } 149 77 24 
| 5964 168 83 26 
| 5966 203 98 47 
Total | 684 355 117 651 379 127 
hwW2Ws-° LiWiweW; | 5335 121 71 12 
5346 145 74 31 
5958 165 105 21 
5977 154 98 20 ‘ 
Total 585 348 84 572 372 73 
LWiW2Ws3 > LiWywews 5336 183 125 23 
5340 175 94 24 
5953 202 99 23 
Total 560 318 70 533 347 68 
LwW2Ws ° LWiwrs 5957 125 130 28 
5975 122 134 37 
5980 133 138 50 
Total 380 402 115 378 415 104 
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whereas the staminate parent was a yellow flint type which, when self- 
fertilized, would give 9 green : 7 albino seedlings. The F; generation con- 
sisted of 80 green plants, 50 of which were self-fertilized. Fifty F2 seedling 
progenies were grown in the greenhouse with the results shown in table 1. 

A summary of these F, data has been arranged in table 2 in such a 
manner as to show that the F; genotypes, of which there would be ex- 
pected 16 in number, were all realized among the 50 progenies resulting 


TABLE 2 


Summary of F2 seedling progenies from a cross with the parental genotypes 
LhWiw:W2W2W 3W 3X L1LiWiW iW 2weW gws. 


: sisi 











F: PROGENIES 











Fi; GENOTYPES 

Seedling ratio | Observed | Calculated 
LWiWsWa° LWiWiWs | All green \ | . ou 

LWiW.W;° L.WiW2Ws3; All green } 
LwsW.W;- L,.WiW2Ws 3 green : 1 white 3 3.1235 
LwW2Ws;- L.WiW.W; 12 green : 3 white : 1 yellow 5 3.125 
L,W,W.W; + L,WiWews 3 green : 1 white 4 3.125 
LWiW.W3;- L,WiWews 12 green : 3 white : 1 yellow 1 3.125 
LwWeWs; - L:Wi Wows 9 green : 7 white 5 3.125 
LwW2W; - L;1WiWews | 36 green : 21 white : 7 yellow 4 3.125 
L,W,W.W; - L,Wiw.Ws | 3 green : 1 white 2 3.125 
LWiW.W;-° L,Wiw.Ws 12 : 3: 1, modified by linkage 3 3.125 
LywW2Ws > L,WiweW; 9 green : 7 white 5 3.125 
LwWeWs3 - LaWywvWs 36 : 21 : 7, modified by linkage 4 3.125 
LWiW.W; + LW iwews 9 green : 7 white 3 3.125 
LWiW2W; > LiWiwews 36 : 21 : 7, modified by linkage 3 3.125 
LiwW2W: > LyWiwews | 27 green : 37 white 1 3.125 

hwWeWs - LiW wes 108 green: 111 white: 37 yellow, 

modified by linkage 3 3.125 











| x2 8.366 P=0.87 





therefrom. The approach to the expected proportion of these numerous 
F, genotypes (as shown by their F, behavior) proved to be surprisingly 
close, the probability that the deviations were merely due to errors of 
random sampling, being 87 percent. This in itself is fairly significant, but 
taken in conjunction with the proof offered by the individual F, progenies, 
the evidence becomes indisputable. Thus we may be reasonably confident 
that gene /, has the characteristic interactions with genes wi, we and ws 
in physiological development, as is demonstrated by the factorial inter- 
action on a 12 :3 : 1 basis. 





Genetics 10: S 1925 





448 E. W. LINDSTROM 


Linkage of L, and W2 


A detailed analysis of table 1 will show that gene /; is most certainly 
linked in inheritance with one of the albino genes. This situation was 
predicted some time ago when /, was proved to be linked with the aleurone 
factor R and the chlorophyll factor G, and also when R and W, were shown 
to belong to the same linkage group (LINDsTRom 1924). 

The method of isolating the particular albino gene concerned in this 
linkage has been rendered easy because of the complete linkage between 
we and an endosperm defect controlled by the factor d;. The latter was 
present in the staminate parent of the original cross. Another verification 
of this was provided by the fact that gene w, was linked with endosperm 
color (Yy) also involved in the cross. 

Linkage data involving /, and wz may be found in table 1 in four different 
sets of progenies, with the following genotypes: 


Dihybrid, <MW2. Liwe, Pedigree Nos. 5338, 5341, 5961. 
Trihybrid, J,w,W..LiWiwoe, Pedigree Nos. 5335, 5346, 5958, 5977. 
Trihybrid, 1,W.2W;. Liwews, Pedigree Nos. 5336, 5340, 5953. 


Tetrahybrid, ],wiW.W; . LiW:wews, Pedigree Nos. 5957, 5975, 5980. 

In other words, there will be progenies of a di-, tri- and tetrahybrid 
nature, all involving /; and we in various combinations with the other 
chlorophyll genes. In every case the two linked genes must exhibit the 
“repulsion” phase of linkage. 

The dihybrid situation, /:,W2.Liwe, will produce a seedling progeny 
whose 12 :3:1 ratio of seedling types will be modified by the linkage. 
The three F, progenies (5338, 5341 and 5961), thus modified, gave a total 
of 815 green : 210 albino : 10 yellow seedlings. Classification in all cases 
was easy because the types were so clearly differentiated. The above is 
a wide deviation from a 12 : 3 : 1 ratio, but with linkage between /, and we 
giving 21.7 percent crossing over (gametic ratio of 1: 3.6) the theoretical 
expectancy becomes 804 :220:11, a distribution that is surprisingly 
similar to the actual data. The closeness of fit in this case is very good, 
x’ being much less than one (0.697). Standing alone, this fit proves 
nothing, of course, but the following series of progenies give ample verifica- 
tion for it. 

There are two trihybrid situations involving /; and we, one including 
wi, and the other w;. Four progenies were isolated among the 50 F; 
progenies in this category that showed a linkage between w, and y, proving 
that w; and not ws; was concerned. The genotype of these four progenies 
(5335, 5346, 5958, 5977) may be expressed as /,w,W2W; . LiW.w.Ws. 
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Were there no linkage, these should give a seedling ratio of 36 green : 21 
white : 7 yellow. Actually, there were 585 : 348 : 84, respectively. If 21.7 
percent crossing over is assumed for the 1;-we linkage, the expected pro- 
portion becomes 572 : 372 : 73, which gives a value for P of 0.18 on the 
closeness-of-fit basis. 

The other trihybrid situation involving W;w3; was discovered in the Fy; 
progenies 5336, 5340 and 5953. Here 560° green : 318 white : 70 yellow 
seedlings were realized, where 533 : 347 : 68 would be expected with the 
same intensity of linkage assumed above. The value for P becomes 0.15 
when the goodness of fit is determined. 

The tetrahybrid situation which involved all the four pairs of genes, 
may serve as the real verification for the linkage of /; and w on the basis 
of 21.7 percent crossing over. Pedigree Nos. 5957, 5975 and 5980 gave in 
the F, generation a total of 380 green : 402 albino : 115 yellow. Without 
linkage this ratio would be on the basis of 108 :111:37 among 256 
individuals. Obviously, the actual data do not fit such a ratio. But with 
linked inheritance the expectancy becomes 378 : 415 : 104, which is a good 
approach to the experimental data. The value for P is 0.47 in this case, 
and it affords a verification for the situation in the simpler dihybrid situa- 
tion. 

In all of the cases quoted above the agreement between observed and 
expected is disturbed noticeably by a consistent deficiency among the 
white or albino seedlings. In all these progenies w2 is involved, and it is 
this albino gene which is completely linked with a recessive endosperm 
defect, d;, that most certainly gives a lower percentage of germination 
than that obtained from the normal seed. The constant deficiencies in all 
the cases reported above are logically explained on this basis. Because of 
the variable nature of this recessive endosperm defect, it has not been 
deemed advisable to attempt any correction for differential germination 
caused thereby. The only harm caused by this situation is the relative 
inexactness of the crossover percentage between L; and W:. However, it 
is not thought that a percentage of crossing over of .21.7 is more than two 
percent off. 

There is, accordingly, ample proof and verification for the fact that /, 
and we belong in the same linkage group. On the modern chromosome 
theory of heredity these genes are about 22 units apart on the chromosome. 
A discussion of the gene arrangement on this chromosome is reserved for 
a later section of this paper, since the second gene for yellow pigment also 
belongs here. 
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It is worthy of note that /,; was also found to be linked with d;, the 
endosperm-defective factor that is completely linked with ws Only 
occasionally was a yellow seedling observed in the progeny from defective 
seeds. This rare occurrence is explicable on the basis that /; and D; came 
into the hybrid from the same parent, and only the occasional crossover 
would give the yellow seedling from defective endosperm. Because of the 
difficulty in classifying this endosperm character accurately, a calculation 
of its crossover percentage with other genes has been abandoned. 


THE Lz FACTOR 
Genetic behavior towards albino genes 


The second gene that controls yellow pigment in maize was isolated by 
Mr. M. T. JENKINS of the U. S. DEPARTMENT OF AGRICULTURE, in the 
course of his inbreeding experiments with commercial varieties of maize. 
It appeared in the first inbred generation of C. I. No. 133, a yellow dent 
strain. It proved to be a simple recessive to green. Mr. JENKINS gener- 
ously provided seed of this type for tests against the original yellow- 
producing factor. 

The yellow seedlings are distinctly deeper in color than those produced 
by gene /;. The actual pigment has not yet been analyzed. Its chemical 
nature and its physiological behavior should prove to be intensely interest- 
ing when compared with the pigment formed by /,, because the two genes 
have an entirely different genetic behavior towards the genes controlling 
the green components of chlorophyll. This yellow-seedling type exhibits 
the sharpest and most non-variable segregation among the many chloro- 
phyll variations dealt with in ten years of experience. 

Where /; gives a 12 :3:1 interaction with W,w;, for example, /, ex- 
hibits a 9 :3 : 4 relation as follows: 

9 LoW,, green 
31,W;, yellow 
3 L2w:, white 
1 Iw, white 


The striking feature of this factorial interaction is that a physiological 
relationship apparently exists here between the green and yellow pigment- 
producing factors. Whereas /; acts independently of w; in development, 
1, does not. The effect of /2 is entirely inhibited by w,, indicating, perhaps, 
a closer organic relationship between the two than exists between /; and w). 
This would seem to argue for the presence of two sorts of carotinoid 
pigments in maize, one that is related to the green pigments in physio- 
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logical development, the other not,—at least the genetic evidence would 
suggest that such a prediction might be realized when the physiologist or 
chemist attacks the problem. 

The 9 :3:4 interaction involving /, and one albino gene is demon- 
strated by the data in table 3. Here, seven progenies, arising from mother 
ears of the composition Low, ./,W, or Low; .l,W3, gave a total of 910 
green : 304 yellow : 425 white seedlings. With independent inheritance on 
a 9:3:4 basis the expected distribution becomes 922 : 307 : 410, re- 
spectively, which approaches the actual results closely (x?=0.73). The 
individual progenies themselves are in excellent agreement with such 
a hypothesis. 


TABLE 3 


Seedling progenies showing the 9 : 3 : 4 ratio arising from mother plants of the composition 
Lu * 1,W, or Laws 12Ws. 




















PEDIGREE NUMBER | GREEN | YELLOW WHITE 
6620 | 115 42 62 
6630 | 146 | 60 75 
6633 184 | 60 76 
6635 122 | 37 50 
6661 95 23 | 45 
6663 146 | 46 68 
6672 102 | 36 49 
| 
Total 910 304 425 
Expected 922 307 410 
x?=0.73 


This fundamental 9 : 3:4 relationship also occurs in the more com- 
plex progenies that result from such genotypes as Lol.WiwiWewe 
Lol.W wiW 3ws, and Lol.W ,w,W2w2W 3w;. A discussion of these situations 
is reserved for a future report involving the interactions of the two yellow- 
producing genes themselves, as well as the linkage between L2 and W,2 
which is so close that much larger progenies are required to test it crit- 
ically. 


Linkage of Lz and R 


Preliminary observations have shown beyond reasonable doubt that 
the new yellow-producing gene belongs in the same linkage group as the 
first one, namely, in the L;-R-G group. The evidence proving this comes 
from crosses of the original inbred strain that was heterozygous for the 
yellow-seedling type by some pedigreed inbred stocks carrying aleurone 
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color, stem color and certain albino genes. Some of the F2 progenies from 
these crosses naturally were heterozygous L2/., and had at the same time 
9:7 ratios of aleurone color. Incidentally, the anthocyanic stem-color 
characters produced by the multiple-allelomorphic situation R’, r? and 1" 
(EMERSON 1921) were involved also. 

Seven self-pollinated ears of the genetic composition L2R°CA . lwr'cA 
are available for a determination of the relations between the second 
yellow-producing gene and the R factor. Their progenies have been 
arranged in tables 4 and 5. All of them gave indisputable evidence of 
linkage involving both aleurone and stem color. It is rather interesting 
to observe that the stem-color situation calls for the “repulsion” phase, 
and the aleurone relation gives the “coupling” phase of linkage in the 
very same progenies. 


TABLE 4 


Seedling progenies from mother ears with the genotype L2R®- lr’, showing 
stem-color and chlorophyll segregation with linkage between L, and R 









































WITH RED STEM COLOR WITH NON-RED STEM COLOR 
PEDIGREE CROSSOVER 
NUMBER Green Yellow Green Yellow PERCENTAGES 
Li? lar? L:R®? LR? 
6613 138 54 58 10 Sia 
6614 135 58 58 10 Ja. 
6618 154 77 65 2 re | 
6621 147 60 66 16 35.8 
6636 132 43 58 11 41.5 
6638 176 84 82 11 24.4 
6645 104 29 46 9 45.0 
Total 986 | 405 | 433 | 6 | 33.9+0.7 








The stem-color linkage involves a simple dihybrid arrangement, the 
red stems of the seedlings being caused by 7” and the non-reds by R?; 
while the L2/. factor pair gives a similar, single-factor difference. It is to 
be remembered that, whereas R* is dominant with respect to aleurone 
color, it is recessive to 7” in the matter of stem color. Thus, four classes 
arise: green seedlings with red stems, green seedlings with non-red stems, 
yellow with red stems, and the double-recessive class, yellow seedlings 
with non-red stems. Seven such distributions are listed in table 4. 

In each progeny there is a noticeable linkage between these two factor 
pairs, with the usual variation in the individual crossover percentages. 
The totals show 33.9+0.7 percent crossing over between L2/. and the 
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stem-color factors. It is interesting to compare this percentage with that 
obtained from the aleurone distribution which follows (table 5). 

The aleurone situation arising from the genotype L2RCA .l.rcA gives 
a trihybrid interaction on a 27 :9:21:7 basis, which in this case is 
modified by linkage. Table 5 illustrates this linked inheritance between 
one of the aleurone factors and the yellow-producing gene. The aleurone 
factor involved in the linkage is R and not C, as is proven by the stem-color 
linkage described previously. 


TABLE 5 


Seedling progenies from mother ears with the genotype L2RCA ° lercA, possessing 
9:7 aleurone raiios and segregating for yellow seedlings, 
showing linkage between Lz and R. 





























FROM COLORED ALEURONE FROM COLORLESS ALEURONE 
PEDIGREE : —_— CROSSOVER 
NUMBER Green Yellow Green Yellow PERCENTAGES 
L:R LR Lar* lir* 
6613 122 33 74 31 2.2 
6614 115 22 78 46 27.8 
6618 126 28 93 51 31.4 
6621 123 28 90 48 32.3 
6636 113 22 77 32 36.7 
6638 150 46 108 49 40.0 
6645 88 18 62 20 43.3 
Total 837 | 197 | 582 277 35.4+0.7 








* Also includes Re. 


The seven progenies in table 5 are also variable in their individual cross- 
over percentages. The average percent in this case proved to be 35.4+0.7. 
This intensity of linkage should be exactly comparable with that given 
by the stem-color distribution, namely 33.9+0.7. Why there should be 
any difference between these two percentages may not be evident. If 
R°, r’ and r? are truly multiple allelomorphs, there should be no difference, 
theoretically. However, a plausible explanation lies in the slight uncer- 
tainty attendant on stem-color determinations in the seedling stage. They 
are not fool-proof, although the segregation in this particular material 
seemed to be unusually clean-cut. It was observed, however, that stem 
color in the yellow-seedling class was sometimes but faintly developed 
on the weaker seedlings. The stem-color ratio involved in table 4 proved 
to be 1391 red : 502 non-red, when 1420 : 473 were to be expected. Un- 
questionably some faintly-developed reds were overlooked and classified 
as non-reds, occasionally, a situation that is especially natural among the 
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green seedlings. Accordingly, the data in table 4 may not be as reliable 
as those in table 5, since the aleurone segregation in the latter seemed to 
be unusually distinct. Perhaps a crossover percentage of 35.0 might 
represent the truer value of the linkage between Lz and R. 


ARRANGEMENT OF THE LINKED GENES 


It is not desirable to give a complete chromosome map of this second 
linkage group at the present time. In a future report a great deal of data 
involving this group will be presented, and the details fully established. 
Previous experiments show that R and L; are almost completely linked, 
one experiment indicating about 1.6 percent crossing over (LINDSTROM 
1921). R and W: have also been shown to be linked (LiNpDstrom 1924), 
and in this paper L; and W2, as well as R and Ls, are proven to be linked. 

The order of these genes can be given as L,;-R-W:2-D;-Lz. In the next 
report, which will appear shortly, the relations between L, and Lo», as well 
as those between D; and both LZ; and Lz are to be established. This second 
linkage group in maize has the additional factors g (golden), J: (lineate) 
and /m (pale green, BRUNSON 1924), thus making a total of eight linked 
genes on this chromosome. 


DISCUSSION 


Perhaps the most interesting contribution in this article is the proof 
of the existence of two distinct genes for yellow pigments in maize, each 
having a different factorial interaction with the albino genes. The gene /, 
gives a 12 : 3: 1 ratio with either of the three albino genes, whereas the 
new /, gene shows a 9 :3:4 relationship. This certainly points to two 
different physiological relations between the green and yellow components 
of plant pigments. The 12 : 3 : 1 ratio indicates that the yellow- and green- 
producing genes have no common relation in development, the double- 
recessive yellow class /,w, demonstrating that the albino gene does not 
inhibit the yellow pigment. In the 9 : 3: 4 situation, however, the double- 
recessive albino class /,w at once indicates that these two genes have a 
common relation, because the gene w does in this case inhibit the yellow 
pigment normally produced by 7s. 

Such a genetic relationship may argue for a certain physiological 
behavior between the green and yellow pigments of plants. In factit 
would be interesting to verify the prediction that two yellow pigments may 
be found in plant tissue, one of which is organically related to the green 
pigment and the other not. The stage is now set for the plant physiologist 
or the chemist to push the inquiry further. Material is at hand for a 
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critical test of this, since we have been able to separate by genetic means 
the two types of yellow pigment in a pure form, that is, free from any 
trace of the green chlorophyll pigment. Whether or not pure carotin and 
xanthophyll have been isolated, remains to be determined by the chemist. 
The other contribution of this paper is merely a routine determination 
of some linkages between these yellow-producing genes and other factors 
in the same linkage group. It is rather interesting to note that the two 
yellow genes happen to reside on the same chromosome, some 35 units 
apart. Three other chlorophyll genes (g, Ji: and f91) also belong here. 


SUMMARY 


Two genes responsible for the formation of yellow pigments in maize 
have now been discovered. Both are recessive in inheritance, and strictly 
follow Mendelian inheritance. 

Gene /,; interacts with each of the three albino genes w, we and ws so as 
to give a 12:3:1 ratio, whereas /., the new yellow gene, reacts with 
these same albino genes to produce a 9 : 3 : 4 relationship. This is thought 
to indicate a fundamental, physiological (or chemical) difference in the 
yellow pigments of maize, so that one yellow pigment is considered as 
being independent of the green components of chlorophyll in development 
and the other not. 

Linkage tests show that both genes are borne on the same chromosome. 
Genes L; and W: proved to be about 22 units apart, and ZL, and R approx- 
imately 35 units apart. This provides for an arrangement of these factors 
in this second linkage group in maize as follows: L:-R-W2-L2. 
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INTRODUCTION 


In the course of genetical experiments with the Japanese morning-glory 
(Pharbitis Nil), I have reported over a dozen cases of linkage (Imar 1919, 
1921, 1924). Some of these cases exhibited such a high degree of linkage 
that, the observed specimens being comparatively few in number, they 
seemed at first to show the monohybrid ratio 3:1, or 1:2:1. In the 
present paper I shall discuss two such cases of close linkage. 


CONTRACTA AND WHITE-MARGINED FLOWER 


A contracted state of growth of the plant is one of the distinct charac- 
ters found in some varieties of the Japanese morning-glory; the leaves are 
contracted, and have a thick lamina and a polished surface; the stem is 
thick and brittle; the plant has somewhat contracted flowers; and pro- 
duces smaller seeds than those of the normal plant. These characteristics 
are due to the multiple expressions of the single “‘contracta” factor. Speak- 
ing in general, the traits of contractedness appear all over the plant growth. 
The breeding experiments show that contracta behaves as a simple charac- 
ter recessive to the normal growth. 

The white-margined flower is also commonly found in our cultivated 
varieties. The genetic behavior of the white-margined corolla, however, is 
not simple. So far as the present paper is concerned, the whiteness of the 
flower margin acts as a dominant allelomorph to the self-colored condition. 
But it is sometimes produced by more than one factor, and behaves also 
either as a dominant or a recessive factor in inheritance. 
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When we consider these allelomorphic pairs together in the hybrid 
segregation, they show a high degree of linked assortment. The frequency 
of crossing over is about 1 percent (Imar 1919, 1921). 

The experimental results which I now have in hand, are those obtained 
from the coupling cross. When the double dominant, normal with white- 
margined flower, is crossed with the double recessive, contracta with 
colored flower, the resultant F, assumes the characteristics of the former 
parent. In the next generation the segregation occurred in four types, 
making an unusual arrangement in their frequency. The actual numbers 
obtained are shown in table 1. The result shows obviously a case of segre- 


TABLE 1 


Fs segregation from crosses between normal white-margined and contracta self-colored 


morning-glories. 


























NORMAL WITH NORMAL WITH Contracta WITH Contracta W1TH 
CROSS WHITE- SELF WHITE- SELF- TOTAL 
MARGINED COLORED MARGINED COLORED 
FLOWER FLOWER FLOWER FLOWER 
323 X316 36 0 0 9 45 
323a 316 65 1 1 14 81 
324X316 245 1 0 70 316 
D9 selfed 79 1 0 22 102 
Total 425 3 1 115 544 
Expected (on 
the basis of 
133.05:1) 406 2 2 134 544 
2=4,58 P=0.21 


gation with close linkage. The single-dominant classes were made up of 
small numbers of individuals, while the double-recessive plants were pro- 
duced in large numbers. On calculation of the linkage value the result 
shows 0.75 percent of crossing over. Rearing the F; generation, I obtained 
the results summarized in tables 2! and 3. The families which segregated 
in the dihybrid scheme, gave, without exception, the coupling data, just 
like those segregated in the preceding generation. To obtain the average 
value, the available coupling data have been collected in table 4. 
Estimating the linkage value from the above numbers we obtain the 
gametic ratio of 90.91 : 1, the frequency of crossing over being 1.09 per- 
1 The data are not strictly of the F; offspring, but of the second segregating generation of the 


natural hybrids. So far as the present paper is concerned, the data, however, can be treated ina 
similar way with those of F; obtained from the controlled cross. 
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TABLE 2 


The F; data of the cross, 324X316, 




















NORMAL WITH | NORMAL WITH Contracta Contracta 
CHARACTER PEDIGREE WHITE- SELF- WITH WHITE- WITH SELF- TOTAL 
OF Fs NUMBER MARGINED COLORED MARGINED COLORED 
FLOWER FLOWER FLOWER FLOWER 
Total 
of 19 families _ = 
2 17 1 0 3 21 
3 54 1 0 11 66 
4 15 0 0 4 19 
5 10 0 0 6 16 
6 48 0 0 13 61 
9 27 1 0 14 42 
10 13 0 0 7 20 
11 7 0 0 4 11 
12 7 0 0 3 10 
14 21 0 0 3 24 
15 12 0 0 5 17 
16 25 0 0 4 29 
Normal 17 8 0 0 3 11 
with 18 15 0 0 6 21 
white- 20 10 0 0 3 13 
margined 21 42 0 0 11 53 
flower 23 28 0 0 14 42 
26 3 0 0 2 5 
29 28 0 0 10 38 
31 3 0 0 3 6 
32 29 0 0 9 38 
35 12 0 0 7 19 
36 52 0 0 20 72 
37 22 y 0 7 31 
38 29 2 0 7 38 
39 5 0 0 1 6 
40 6 0 0 1 7 
42 36 0 0 9 45 
48 5 0 0 1 6 
49 14 0 0 5 19 
50 3 0 0 1 4 
51 11 0 0 6 17 
52 4 0 0 3 8 
Total 622 i 0 206 835 
Expected (on 
the basis of 
117. 43:1) 622.75 3.50 3.50 205.25 835 
Contracta 
with self- Total of 17 428 428 
colored flower| families 


























x*=7.00 


P=0.07 
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The data of the second segregating generation of a natural hybrid, D9. 
























































NORMAL WITH Coniracta Contracta 
CHARACTER PEDIGREE WHITE- WITH WHITE- WITH SELF- 
OF Fs: NUMBER MARGINED MARCINED COLORED en 
FLOWER FLOWER FLOWER 
Total of 19 647 647 
families 
42 23 4 27 
Expected 20. 6.75 27 
14 6 1 7 
Expected 5.25 1.75 7 
Normal 1 11 0 3 14 
with 3 7 0 5 13 
white- 4 17 0 6 23 
margined 5 16 1 10 27 
flower 11 25 0 12 37 
12 62 0 21 87 
15 22 0 10 32 
16 50 0 11 62 
22 10 0 6 16 
24 38 0 9 47 
26 9 0 2 11 
29 18 0 6 24 
33 47 2 24 73 
34 17 0 3 21 
40 24 0 4 29 
43 13 0 2 15 
44 13 0 6 19 
45 28 0 7 35 
46 10 0 6 17 
47 50 0 10 61 
48 16 0 4 20 
49 30 0 12 42 
51 9 0 4 13 
52 17 0 3 20 
53 7 0 4 11 
55 44 1 18 63 
57 27 0 9 36 
60 18 1 1 20 
91 10 0 1 11 
62 41 1 11 53 
Total 706 6 230 948 
Expected (on 
the basis of 
77.54 : 1) 705 6 231 948 
Contracta Total of 13 
with self- families 393 393 
colored flower 
x?=0.006 
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TABLE 4 


Summary of all data showing the coupling phase of segregation involving normal versus contracta 
habit and white-margined versus self-colored flowers. 














NORMAL WITH NORMAL WITH | Coniracta wITH | Contracta WITH PERCENTAGE 
SOURCE WHITE- SELF- WHITE- SELF- TOTAL Or 
MARGINED COLORED MARGINED COLORED CROSSOVER 
FLOWER FLOWER FLOWER FLOWER 
From table 1 425 3 1 115 544 0.75 
From table 2 622 7 0 206 835 0.84 
From table 3 706 6 6 230 948 1.27 
Total 1753 16 7 551 2327 1.09 
Expected (on the 
basis of 90. 91:1) 1733.75 11.50 11.50 570.25 2327 























x? =4.39 P=0. 23 


cent. Owing to the high linkage value an apparent discrepancy might 
be expected in the genotypic ratio of the double dominants,—the normals 
with white-margined flowers,—when a genotypic comparison is attempted. 
If the estimated value is applied to the gametic ratio, the actual expecta- 
tion will be as indicated in table 5. 


TABLE 5 


A comparison of the observed ratio with the expected ratio on the basis of linkage (100 : 1) 
and independent seerecation. 








THEORETICAL OBSERVED FREQUENCY 
RATIO CALCULATED NORMAL EXPECTED 
GENOTYPE 
ON THE BASIS OF RATIO FREQUENCY 
100: 1 324X316 b9 TOTAL 
DDFF 10,000 ( 50) (1) 19 19 38 33.88 
DDFf 200 ( 1) (2) 0 1 1 0.68 x2=1.15 
DdFF 200 ( 1) (2) 0 1 1 0.68 
DF Xdf| 20,000 (100) (2) 33 30 63 67.76 P=0.88 
DdaFf 
DfxdF 2 (0+) (2) 0 0 0 0.01 
Total 30,402 (152) (9) 52 51 103 103.01 


























If the factor for contracta is represented by d, and its dominant allelo- 
morph by D, the white-margined and self-colored flowers by F* and f, 
respectively, the double heterozygotic composition, Dd Ff, may be pro- 
duced by a mating of DF xdf or by Df XdF. Although these two sorts of 
double heterozygote present no different features in the phenotype, they 


2 In Japanese, the white-margined condition of the corolla is called generally by the name of 
“Fukurin” or “Hukurin.” 
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should give rise to divergent modes of segregation in the subsequent gen- 
eration. The segregation of zygotes from the mating DF Xdf should show 
the coupling phase, while those derived from the cross Df XdF should give 
the repulsion phase. The theoretical frequency of occurrence of these two 
types of heterozygotes derived from a single original cross is about 
10,000 : 1, as has already been shown; in,other words, we should find on 
the average only one individual among ten thousand heterozygotes 
examined which would represent a reversal of phase from coupling to 
repulsion or vice versa. The number of heterozygotes tested, however, was 
actually far less than the ten thousand required to give an even chance of 
finding one such reversal of phase. From this consideration, it is quite 
reasonable to conclude that in the examination of such a small number of 
families, none would be found representing the repulsion phase of segrega- 
tion. 


YELLOW LEAF AND BROWNISH FLOWER 


Strictly speaking, the so-called yellow leaf is yellowish-green in color, 
and it is preferred by cultivators on account of the soft appearance of its 
leaves. The distinction between the two types with green and yellow leaves 
is sharp even in the cotyledons. Though the yellow strain makes a luxu- 
riant growth under suitable conditions, it may be overrun by more vigorous 
green plants; and so we often have a discrepancy in the segregating ratio, 
when both forms are planted side by side. Breeding experiment shows 
that the green leaf is transmitted as a unit dominant to the yellow one. 

The Japanese morning-glory exhibits abundant variations in flower 
color. Among them, the brownish flower is allelomorphic with the non- 
brownish flower, the former being recessive to the latter. 

Miyazawa (1918, 1921) crossed the green-leafed brownish-flowered*® 
with the yellow-leafed white-flowered form carrying the non-brownish 
color factor. Selfing the green-leafed and non-brownish-flowered F; plants 
thus obtained, he raised the next generation consisting of three pheno- 
types: the double dominant, the one single dominant and the other single 
dominant, in the proportion of 2 : 1 : 1, with no double-recessive type so far 
as his data showed. To explain such an unusual result he proposed the 
hypothesis of ‘factor interrelation.’ According to my opinion, his result 

3 Denoted as “dark-red” in MryazAwa’s (1918) paper. 

‘In his first paper Mryazawa (1918, p. 82) states: “if we denote the one parent by GGDD 
and the other by ggdd, there exists the interrelation between the factors G and D, inasmuch as in 
the presence of D the production of the dark-red flower-colour takes place when G is present in 


homozygous condition, and that of the red (magenta or scarlet) colour, when G is present in 
heterozygous condition or altogether absent. .. . . 


Genetics 10: S 1925 








462 YOSHITAKA IMAI 


is nothing but the expression of close linkage in the repulsion phase. Ex- 
amining carefully MiyazAwa’s data, I suggested in an earlier paper (IMAI 
1921) the application of the linkage hypothesis, and later proved it with 
my own data (Imar 1924). For the investigation of the factorial behavior 
in such a case of close linkage it is advisable to examine the coupling data 
rather than those of repulsion. From this point of view, I made experi- 
ments of the coupling cross on a considerable scale, and in this way deter- 
mined the linkage value. 


Coupling cross 


From a packet of seeds bought from a seedsman in the previous year 
I obtained in 1920 three families segregated into two pairs of allelomorphs, 
the yellow-leaf set and the brownish-flower one. Owing to the unknown 
origin of the material, I cannot tell from what crosses these families were 
actually derived. Judging from the mode of segregation, however, it may 
be presumed that they were all doubly heterozygous. Further, from their 
coupling segregations, the families may be considered to have originated 
from the union of two gametes GR and gr, where g denotes the factor for 
the yellow leaf, and r the factor for the brownish flower. The actual segre- 
gation is presented in table 6. The infrequency of the middle classes shows 
close linkage between the two pairs of factors under discussion. 


TABLE 6 


Segregations in the progenies of three self-fertilized plants grown from commercial seeds. 





PEDIGREE 


GREEN-LEAFED 
NON-BROWNISH- 
FLOWERED 


GREEN-LEAFED 
BROWNISH- 
FLOWERED 


YELLOW-LEAFED 
NON-BROWNISH- 
FLOWERED 


YELLOW-LEAFED 
BROWNISH- 
FLOWERED 


TOTAL 


























DS selfed 53 0 1 28 82 
D111 selfed 15 0 0 9 24 
D112selfed 23 0 1 10 34 

Total 91 0 2 47 140 





In 1922, I had a number of F; plants from a controlled cross, green- 
leafed red-flowered Xyellow-leafed brownish-flowered. The three pure 
strains, named HT, 50 and AG, respectively, were used in hybridizing the 
other constant strain designated as M1. The three former have the double- 
dominant characters, while the latter is characterized by the double- 
recessive traits. The F, plants bore green leaves and red flowers, and on 
self-fertilization produced the F; population shown in table 7. 








LINKAGE IN THE JAPANESE MORNING-GLORY 


TABLE 7 


463 


Segregations inF 2 from crosses between green-leafed red-flowered and yellow-leafedbrownish-flowered. 









































GREEN-LEAFED GREEN-LEAFED YELLOW-LEAFED YELLOW-LEAFED 
CROSS NON-BROWNISH BROW NISH- NON-BROWNISH BROWNISH- TOTAL 
FLOW ERED FLOWERED FLOWERED FLOWERED 

M1XHT-1 22 1 0 2 25 

—2 86 1 1 39 127 

—3 52 0 0 10 62 

—4 27 0 0 7 34 

—5 58 0 0 18 76 

—6 25 0 0 4 29 

—7 42 1 0 6 49 

M1x50-—1 28 0 1 10 39 

—2 53 0 0 20 73 

MiXAG-—1 96 0 0 23 119 

—2 53 1 1 29 84 

Total 542 4 3 168 717 
Expected (on 
the basis of 

101.20: 1) 534.25 3.50 3.50 175.75 717 

x?=0.72 P=1.0-— 


These three matings showed close agreement in mode of segregation, 
and accorded well with the results obtained in the hybrid families derived 
from commercial seeds, as described above. There is, thus, definite evidence 
for the assumption that close linkage occurs between the genes for these 
two character pairs. The linkage value calculated from the frequency 
of crossing over shown by these F: data is 0.98 percent. 

From two matings, M150 and M1 XAG, I raised F3-generation pro- 
genies in order to determine the genotypic constitution of the individual 
F, plants. The results obtained are summarized in tables 8 and 9. As there 
are no fundamental differences in the contents of these two tables we may 
include them both in the following discussion. The F; families from the 
double-dominant green-leafed red-flowered F: individuals are grouped, 
excepting two families, into two categories, namely, those which show no 
segregation and those which segregate with respect to both character 
pairs. Of the two exceptional cases, family No. 20 (of the cross M1 X50) 
segregated merely in the leaf color, while No. 70° (of the cross M1 XAG) 


5 The number being too small I traced the F, generation of these five plants to know their 
actual composition, and experimentally observed no yellow leaves in their offspring. As a result 
of this examination we can state that the segregation of this family is not the result of any sort 
of deviation of the dihybrid assortment. 
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TABLE 8 


The F; data of the cross, M1X50. 








CREEN- 
LEAFED 


GREEN- 


YELLOW- 
LEAFED 


YELLOW- 











CHARACTER PEDIGREE LEAFED LEAFED 
OF F: NUMBER NON- BROWNISH- NON- BROWNISH- TOTAL 
BROWNISH- FLOWERED BROWNISH- FLOWERED 
FLOWERED FLOWERED 
Total of 19 
families 397 397 
20 32 8 40 
Expected 30 10 40 
1 19 0 0 5 24 
3 13 0 0 5 18 
4 53 0 0 9 62 
5 18 0 0 5 23 
14 36 2 0 5 43 
15 6 0 0 2 8 
16 29 0 0 9 38 
23 17 1 0 8 26 
27 60 1 0 17 78 
28 6 0 0 4 10 
31 28 0 1 8 37 
32 48 0 0 10 58 
34 13 0 0 3 16 
36 2 0 0 1 3 
39 42 0 0 18 60 
Green- 40 47 0 1 14 62 
leafed 44 29 0 0 7 36 
non- 45 24 0 0 5 29 
brownish- 47 20 0 0 4 24 
flowered 49 31 0 0 14 45 
56 11 0 0 2 13 
58 28 0 1 11 40 
60 31 0 0 5 36 
62 5 0 0 4 9 
63 34 0 0 11 45 
65 4 0 0 4 8 
66 21 0 0 4 25 
67 7 0 0 3 10 
70 64 0 0 14 78 
71 41 0 0 8 49 
72 7 0 0 2 9 
73 19 0 2 6 27 
75 56 0 0 12 68 
76 74 1 1 29 105 
77 84 0 0 34 118 
78 29 0 0 7 36 
































LINKAGE IN THE JAPANESE MORNING-GLORY 465 


TABLE 8 (continued) 























GREEN- YELLOW- 
GREEN- YELLOW- 
LEAFED LEAFED 
CHARACTER PEDIGREE LEAFED LEAFED 
NON- NON- TOTAL 
OF F: NUMBER BROWNISH- BROWNISH- 
BROWNISH- BROWNISH- 
FLOWERED FLOWERED 
FLOWERED FLOWERED 
80 21 0 1 3 25 
81 32 1 0 8 41 
84 34 0 0 15 49 
86 13 0 0 6 19 
87 37 0 0 17 54 
88 55 0 0 11 66 
89 35 1 0 7 43 
Total 1283 7 7 376 1673 
Expected (on 
the basis of 
117.90 : 1) 1247.75 7 7 411.25 1673 
Green- 
leafed 74 23 9 32 
brownish- Expected 24 8 32 
flowered 
Yellow- Total of 25 
leafed families 260 260 
brownish- 
flowered 























x?=4.00 P=0.26 


exhibited a monohybrid segregation in the flower color only. Such rare 
occurrence of segregation in monohybrid ratios is clearly the result of close 
linkage. If we attempt to estimate the linkage value from those Fs; 
families which showed dihybrid segregation, the frequency of crossing 
over is 0.84 percent from table 8, and 1.19 percent from table 9. To 
determine the value as precisely as can now be done, all of the available 
coupling data are collected in table 10. Here the calculation shows that 
the frequency of crossing over is 1.01 percent. In other words, we have a 
confirmation of the earlier conclusion, that there is only one chance of 
obtaining a crossover gamete in about every hundred germ cells of the 
double-heterozygotic hybrids. With such a discrepancy in the gametic 
frequency there should be found theoretically in the double-dominant F, 
a genotypic ratio like that shown in table 11. 
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TABLE 9 


The F 3 data of the cross, M1 XAG. 





CHARACTER 


PEDIGREE 


GREEN-LEAFED 


GREEN-LEAFED 


YELLOW-LEAFED 


YELLOW-LEAFED 









































NON-BROWNISH- BROWNISH- NON-BROWNISH- BROWNISH- TOTAL 
a sea FLOWERED FLOWERED FLOWERED FLOWERED 
Total of 20 
families 353 353 
70 4 1 5 
Expected a & | 5.25 5 
2 11 1 0 4 16 
6 12 0 1 2 15 
16 10 0 0 5 15 
18 52 0 0 19 71 
19 7 1 0 2 10 
20 9 0 1 3 13 
23 9 1 0 1 11 
24 1 0 0 2 3 
25 12 0 0 1 13 
| 28 39 0 1 12 52 
30 9 0 0 3 12 
| 35 5 0 0 2 7 
40 36 0 0 2 38 
42 16 0 0 10 26 
| 44 25 1 0 9 35 
47 24 0 0 4 28 
Green- 48 101 1 0 29 131 
leafed 49 39 0 1 12 52 
non- 51 63 0 0 16 79 
brownish- 52 44 1 0 12 57 
flowered 53 2 0 0 2 4 
54 26 0 0 7 33 
55 28 1 0 4 33 
56 16 0 0 5 21 
61 46 0 0 9 55 
63 15 0 0 9 24 
66 85 0 1 30 116 
68 48 0 0 11 59 
71 7 0 0 4 11 
72 14 0 1 4 19 
73 21 0 1 7 29 
76 125 0 1 34 160 
Total 957 7 8 276 1248 
Expected (on 
the basis of 
83.10 : 1) 928.50 7.50 7.50 304.50 1248 
Yellow- Total of 23 
leafed families 214 214 
brownish- 
flowered 
x? =3.61 P=0.31 











LINKAGE IN THE JAPANESE MORNING-GLORY 


TABLE 10 


467 


Summary of all dihybrid coupling data involving green leaves versys yellow leaves and brownish 
flowers versus non-brownish flowers. 



































GREEN-LEAFED GREEN-LEAFED YELLOW-LEAFED YELLOW-LEAFED 
CROSS NON-BROWNISH- BROWNISH- NON-BROWNISH- BROWNISH- TOTAL 
FLOWERED FLOWERED FLOWERED FLOWERED 

D5 selfed 53 0 1 28 82 
D111 selfed 15 0 0 9 24 
D112 selfed 23 0 1 10 34 
(M1XHT) Fe 312 3 1 86 402 
(M1X50) Fe 81 0 1 30 112 
F3 1283 7 7 376 1673 
(M1 XAG) Fe 149 1 1 52 203 
F3 957 7 8 276 1248 
Total 2873 18 20 867 3778 

Expected (on 

the basis of 
98.13 : 1) 2814.50 19 19 925.50 3778 
x?=5.02 P=0.17 
TABLE 11 


A comparison of the observed ratio with the expected ratio on the basis of linkage (100 : 1) and of 
independent segregation. 





THEORETICAL RATIO 
CALCULATED 





NORMAL RATIO 





GENOTYPE ON THE (No LINKAGE) 
BASIS OF “ ; 
100 :1 
GGRR 10,000 ( 50) (1) 
GGRr 200 ( 1) (2) 
GgRR 200 ( 1) (2) 
Ger {CRXe 20,000 (100) (2) 
GrXgR 2 (0+) (2) 
Total 30,402 (152) (9) 

















EXPECTED 
OBSERVED 
i FREQUENCY 
FREQUENCY (100 : 1) 
29 32.24 
1 0.64 
1 0.64 
67 64.47 
0 0.01 
98 98.00 





x?=0.83 
P=1.0— 





This table shows that such an expectation corresponds adequately 
with the actual results.* Of F, plants which were considered to be derived 
from the contribution of a crossover garmete, there was actually only one 
case, namely, No. 74, of the cross, M1 X50, which bore green leaves and 
brownish flowers. This F; plant gave rise to a monohybrid segregation as 


®In making this table I omitted generally from the observed totals the families which con- 
sisted of inadequate numbers of offspring. 
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to leaf color, and, without doubt, may be considered to have been derived 
from the combination of a crossover gamete Gr and a non-crossover 
gamete gr. 


Repulsion cross 


In 1920 I made a hybridization of the yellow-leafed red-flowered form 
(SG) and the green-leafed brownish-flowered form (324). The F; plants 
from this cross bore green leaves and red flowers. The two F? progenies are 
given in table 12. 


TABLE 12 


F 2 segregation showing the repulsion phase in the cross SGX324. 





CROSS 


GRFEN-LEAFED 
NON-BROWNISH- 
FLOWERED 


GREEN-LEAFED 
BROWNISH- 
FLOWERED 


YELLOW-LEAFED 
NON-BROWNISH- 
FLOWERED 


YELLOW-LEAFED 
BROWNISH- 
FLOWERED 


TOTAL 





SGX324-—1 
—2 


21 
34 





Total 





55 


8 
16 


24 

















0 35 
0 69 
| 0 104 





The segregation took place in three phenotypes nearly in the proportion 
of 2:1:1, the result being in perfect accord with Mryazawa’s (1918) 
experiment. Such a segregation is to be expected as a consequence of close 
linkage. Here we expect, theoretically, one double-recessive plant in 
about forty-thousand offspring; so that experimentation on a consider- 
able scale is needed, if we are to obtain this double-recessive individual in 
the dihybrid segregation of the repulsion cross. The 2:1:1 ratio of 
segregation was also observed when I examined the F; progenies of five 
double-dominant F, plants; the results are presented in table 13. With 


TABLE 13 
The F; data of the cross SG X324. 











auetens GREEN-LEAFED GREEN-LEAFED YELLOW-LEAFED YELLOW-LEAFED 
cenaent NON-BROWNISH- BROWNISE- NON-BROWNISH- BROWNISE- TOTAL 
FLOWERED FLOWERED FLOWERED FLOWERED 

1 30 18 12 0 60 
2 7 3 1 0 11 
3 42 il 20 0 73 
4 9 2 3 0 14 
5 15 7 7 0 29 

Total 103 41 43 0 187 
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reference to the genotypic constitution of the double-dominant F ; plants, 
we should expect, theoretically, 20,002 cases of dihybrid segregation (of 
which 20,000 would segregate in repulsion phases, while 2 would represent 
the coupling segregation), 400 cases of monohybrid segregation, and only 
1 case of constant family, in every 20,403 trials. In view of this considera- 
tion it would be natural to expect only repulsion segregations when only 
five families are examined. 

MIYAZAWA (1918) obtained a number of the double recessives from one 
of the green-leafed and brownish-flowered F; plants. Such a segregation 
was quite unexpected on the basis of his hypothesis of factor interrelation.” 
According to the linkage hypothesis, on the contrary, the case is easily 
explained. The origin of this family should be considered as starting 
from the union of a non-crossover gamete, gr, and a crossover one, Gr. 


SUMMARY 


1. About 1.09 percent of crossing over occurred in the segregation of 
dihybrid crosses involving the contracta type of foliage and the white- 
margined flower in the Japanese morning-glory (Pharbitis nil). 

2. Nearly the same percentage (1.01 percent) of crossing over was also 
found in the linked characters, yellow leaf and brownish flower. 

3. Mryazawa’s (1918, 1921) hypothesis of “factor interrelation” 
applied to the inheritance of yellow leaf and brownish flower is refuted. 
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7In his first paper Mryazawa (1918, p. 73) notes as follows: 


. . . +, but here some yellow plants with dark-red flowers made their appearance, which were 
never found otherwise. This peculiar case will be the subject of my future paper.” 


On this point he writes in his second report (Miyazawa 1921, p. 10) as follows: 


“|... it may be considered that there occurred some permanent variation among the factor or 


factors in the F; plant used for self-fertilization. But we cannot decide how and where such change 
has occurred, and any hypothesis on this point would be useless unless founded on the facts actual- 
ly obtained, so that this case will remain the subject of my future study.” 
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THE PROBLEM 


It has been stated by MAvor (1924) that “We see in the effects which 
X rays produce on crossing over in the first and second chromosomes of 
” This state- 
ment was based on extensive and critical data, which showed clearly that 


Drosophila a remarkable instance of opposite effects... . . 


there was a significant decrease in crossing-over frequency between white 
and miniature, in the first chromosome, but a significant increase between 
black, purple and curved, in the second chromosome, after application 
of similar doses of X rays to both. MAvor (1924) further noted that in 
the case of the black-purple and purple-curved regions, “the greatest 
effect for the same dose is produced in the black-to-purple region,’’—and, 
as calculations to be reported in the present paper now prove, the differ- 
ences between the effects observed by MAvor on these two regions of the 
second chromosome are statistically significant. This observation, how- 
ever, raises the question whether crossing over in still other regions of 
the same chromosome (II) might not show even greater differences in the 
effects of X rays than those shown between the black-purple and purple- 
curved regions. If so,a comparison could scarcely be drawn between the 


' Contribution No. 193 from the Department of Zodélogy, of the University oF TEXAS. 
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effects of X rays on different chromosomes as a whole, inasmuch as the 
crossing-over reactions would be highly specific for individual chromatin 
regions considerably smaller than those blocks of chromatin comprising 
the morphological chromosomes. 

An investigation concerned with the above problem,—i.e., designed 
to reveal possible intrachromosomal differential effects of the X rays on 
crossing over,—had been begun by the present writer before the suggestive 
results on black-purple-curved, quoted above, came to hand, for certain 
already-existing data had made the finding of such differences not un- 
likely. The reasons for suspecting such effects may be listed under two 
heads, cytological and genetic. 

In regard to the cytological evidence, it is to be noted that the central 
regions of the long V-shaped autosomes (chromosomes II and III) are 
morphologically different from the distal arms of the same chromosomes in 
at least four respects: (1) The spindle fibre is attached in the central 
regions, and not in the distal; (2) The bend of the chromosome regularly 
occurs in the central regions; (3) The chromatin appears to be less deeply 
staining there; (4) It is narrower in this vicinity. 

The purely genetic grounds for expecting regionally differential chromo- 
some reactions are as follows: (1) PLoucu (1917, 1921) had shown that 
extremes of temperature affected crossing over in the central regions of 
both the long autosomes, but not in any of the distal regions which he 
studied; the latter behaved like the greater portion of the rod-like X 
chromosome in this respect. (2) Bripces (BripGEs 1915; BRIDGEs and 
MorGAn 1919, 1923) had made similar findings with regard to the effect 
of age on crossing over. (3) BripGEs and the present author had noted 
that the central regions of the autosomes have a higher coincidence of 
crossing over than the distal regions,—which in this feature also resemble 
the X chromosome more closely. (4) The standard maps, based on the 
collective Drosophila work (given in BripGEs and MorGAN 1919 and 1923) 
show a tendency to a concentration of mutant genes in the central regions 
of both chromosomes. (5) The same effect appears decisively in the maps 
of lethal genes in chromosome II found in the present writer’s mutation 
studies (MULLER 1920). This apparent crowding effect in the middle 
regions might be due either to mutations occurring more frequently there 
than in the distal regions, or to a relatively lower frequency of crossing over 
in the middle regions. Of these two possible explanations the latter is by 
far the more probable. 

All told, the above facts furnish a considerable body of evidence which 
demonstrates that the crossing-over reactions of the chromosomes 
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throughout their length cannot be studied through data based on limited 
regions of them. And it is evident, specifically, that the central regions of 
the long autosomes have crossing-over properties which distinguish them 
especially from other portions of the chromatin. Now, it so happens that 
the loci of black, purple and curved, used by MAvor, all lie near the 
middle of the second chromosome. Results based on these loci, therefore, 
must be regarded as particularly unrepresentative of the reactions of the 
rest of this chromosome, and before we can judge of the crossing-over 
reactions to X rays of this chromosome, in general, in comparison with 
reactions of other chromosomes, it is necessary to study distal as well as 
central regions. 

Experiments directed expressly towards a study of the differential 
effect of X rays on the different regions within the large V-shaped auto- 
somes were carried out with both the second and third chromosomes. 
It was necessary, in this work, to follow the distribution of a considerable 
number of loci, scattered throughout the major portion of the lengths of 
these chromosomes in such a way as to include and differentiate between 
the middle and other regions, and extending distally to one end at least. 
It was preferable too that all the loci studied in a given chromosome 
should be followed simultaneously, so that differences in crossing-over 
frequency due to uncontrolled factors that might vary from experiment to 
experiment would be avoided. Such an arrangement would, in addition, 
permit a more accurate study of coincidences of crossing over, and of the 
effect of X rays upon the coincidences involving various regions. 

It was also of interest to determine whether or not chromosomes other- 
wise identical might respond differently to X rays according to whether 
other factors affecting crossing over,—such as, for instance, specific genes 
hindering crossing over,—were different. Hence, a variation was intro- 
duced into one of the experiments by using a chromosome containing one 
of these genes. 

Finally, it was thought desirable to vary to some extent the X-ray 
dosage employed, so that possible variations in the effect on different 
regions due to this cause might be observed. 


TECHNIQUE 


A multiple-recessive stock was used for the second-chromosome study, 
containing the six mutant genes dumpy (7"), black (5), purple (,), 
curved (c), plexus (p.) and speck (s,). This stock, which had been made 
up chiefly by BrincEs, and to which T* had been added by the author, 
may be referred to here as “II-ple.”. The plexus character was not followed 
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in the counts. The positions of these loci in the standard map (BRIDGES 
1921, unpublished) are shown in figure 6. It will be seen that the first gene 
is 8 units from the “left-hand” end and the other genes scattered over the 
remainder of the chromosome all the way to the extreme “right-hand” end. 
In the mid-region, which requires more minute study, the genes are more 
closely spaced. 

For the third chromosome a multiple-recessive stock designated as 
“TITI-ple” was used. This stock, made up chiefly by BripGEs, contains 
roughoid (r,), hairy (4), scarlet (s:), pink (p), spineless (s,) and ebony (e). 
The positions of these genes on the standard map (BRIDGEs and MorGan 
1923) are shown in figures 4 and 5; the first gene is at the extreme left-hand 
end and the others scattered, up to about 30 units from the right-hand 
end. Here, too, there is closer spacing in the middle and a rather wide even 
spacing elsewhere. In the case of both stocks the loci closely on either side 
of the mid-point (b and #,, and s; and #, respectively) are so located as to 
include a larger section of chromatin to the left than to the right of the 
center, and there are other loci (c and s,, respectively) bounding a region 
(p,-c and p-s,) somewhat farther to the right of the middle, yet appre- 
ciably closer to the latter than is the region (7¢-b and h-s,, respectively) 
to the left of the most central region. Farthest of all from the center, in 
each case, are the remaining regions, c-s, in II and s,-e and r,-h in III, 
the first two named being to the right, the last to the left of the center. 
Hence, in each case there are several regions for study, increasingly distant 
from the center, and at distances from it that are comparable in the two 
stocks. 

In the first experiments, in order further to make the data comparable, 
flies of as nearly identical composition as practicable were secured for the 
studies on the two chromosomes. This was effected by crossing flies from 
the II-ple stock to III-ple flies (heterozygous for the second-chromosome 
gene curly,C,, which will be referred to later) and using the female off- 
spring, heterozygous for both sets of genes, for either study, in the one 
case by backcrossing them to II-ple males, and in the other case by back- 
crossing to III-ple males. Identical food and environic conditions were 
used, of course, in all cases. The controls and the individuals to be 
X-rayed, in the case of the flies of both second- and third-chromosome 
experiments, were gotten by subdividing the latter groups of flies by ran- 
dom selection, and the control and X-ray lots so obtained were in each 
case subjected to identical conditions, apart from the raying. As flies 
from the same bottle, all of similar age, were employed throughout, and 
(after separation into curly and non-curly) divided at random between 


Genetics 10: S 1925 








474 H. J. MULLER 


the treated and control lots, it will be seen that the flies in any of the 
treated lots were genetically and deveivpmentally as much like those in 
the corresponding control as they were like each other. 

Both control and X-ray lots of flies were kept virgin until the time of 
raying, when all were between one and two weeks old. After the raying 
they were mated and kept in a first set of bottles for six days, and then 
transferred to other bottles. The offspring from the first bottles were 
discarded, inasmuch as MaAvor has shown that the effect of raying on 
crossing over does not commence immediately, and it was desired to secure 
results which would be homogeneous. Each female was placed, with one 
male, in a separate bottle, when the cultures that were to have counts 
made upon them were made up, and separate records were kept of the 
results from each pair. The offspring counted were derived from the eggs 
laid from the sixth to the twelfth day after raying. 

On the female flies referred to above, derived from the cross of II-ple 
by III-ple, heterozygous for curly, three sets of experiments were con- 
ducted. In experiment “‘a,” one lot, consisting of 14 curly females (not 
counting those that proved sterile) were backcrossed to III-ple males, for 
a study of crossing over in the third chromosome. Seven of these were 
rayed and seven served as controls. (The non-curly flies were not used 
in this case, because the gene for black, present in the latter heterozygously 
might have tended to confuse the classification of the offspring in regard 
to ebony). In experiment “b” another lot, consisting of 18 (fertile) non- 
curly females were backcrossed to II-ple, for a study of crossing over in 
the second chromosome; 10 of these were rayed. In experiment ‘“‘c” a third 
lot, consisting of 15 (fertile) curly females, were backcrossed to II-ple, and 
of these 5 were rayed. In this third lot an inhibition of crossing over was 
expected to occur, owing to the presence of curly, which has been found 
by Warp (1923) greatly to reduce the frequency of crossing over in the 
second chromosome,—-without, however, affecting it in the third chromo- 
some. 

A much weaker dose of X rays was applied than that used by Mavor, 
in order not to affect fertility adversely and also to bring to light any 
difference in effect from that observed by him, which might be produced 
by a lesser dose of the rays. PLouGH (1924) has recently suggested that 
smaller doses may have an effect on crossing over opposite to that pro- 
duced by larger doses, and that a smaller dose, in the case of a chromosome 
more sensitive to the rays (as he suggests that chromosome II may be) 
would then produce a similar effect (decrease of crossing over) to that 
observed in the case of a less sensitive chromosome (the X chromosome) 
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when a large dose is applied. If such a relation held, then, it might be 
revealed when a small dose of X rays was applied. 

The dose used in the experiments here referred to may be designated as 
26.8 H (Holzknecht units). One H, or Holzknecht unit, may be described 
as the amount of radiant energy received from unfiltered rays result- 
ing from a current of 3 milliamperes, at 30,000 volts, when applied 
for 1 minute at a distance of 20.3 cm (8 inches). The radiant energy 
received, in number of H, may then be calculated by the formula: 
volts X milliamperes X minutes 





foemtinchesa x .00458. (One H is then equal to .437 of 


Mavor’s “D,” when 50,000 volts are used.) In the present work unfiltered 
rays from a broad-focus Coolidge tube with tungsten target were em- 
ployed throughout, and the voltage was kept at 50,000. In experiments 
a, b and c, the flies of which were treated simultaneously, the number of 
milliamperes averaged 4, the time 7.5 minutes, and the distance 16 cm. 
The total energy absorbed by the tissue in question, rather than these 
individual items, has been shown usually to be the more significant factor 
in determining the degree of various biological effects of X rays, par- 
ticularly if the spectrum is constant, and MAvor’s work has verified the 
truth of this rule with regard to the effect on crossing over, specifically. 
H gives, of course, the amount received rather than absorbed, but since, 
with a given spectrum and a given tissue, the proportion of the received 
rays that are absorbed is constant, the dosage under circumstances like 
those in the present experiment may be expressed in H. The dose of 26.8 
H used here was little more than half of the minimum dose, 48 H (21 “‘D’’), 
used by Mavor in his crossing-over work, and slightly less than a third 
of the dose designated as optimal by him, namely 80 to 86.8 H (35 to 
38 “D”). 

It will be seen later that when the results of the above experiments were 
tabulated, some apparent differences between the results on both second 
and third chromosomes and the comparable portion of MAvor’s work on 
the second chromosome appeared. In order to obtain evidence as to 
whether these differences were really due to the difference in X-ray dosage, 
and also in order to secure, if possible, more marked effects on the third 
chromosome, with a dose similar to that which Mavor had used on the 
second chromosome, the part of the experiment relating to chromosome 
III was then repeated (experiment “‘d’’), with the larger dose of 54.4 H. 
This dose is somewhat larger than MAvor’s minimum dose and twice 
as large as the dose previously used by the present writer. The cross was 
made and the entire experiment was conducted as before, with the 
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following exceptions: (1) A different stock of II-ple was used, 
taining curly; consequently, non-curly female offspring, heterozygous for 





not con- 






















































































Gg Sesser e os eeneee eae es 3 ls, SOS POGaP eat 2e"q See eae ee bs 
| | 
' ' 
: Culture No, : 
- region ; 
' of ’ 
1Dete of Count Cc. O.1 
‘ : 
1 ] 
' ' 
1 Normals 0 ’ 
' an 
' ' 
- h st psse 1 rc 
: ' 
1 oo 
‘ ' 
: st psse = | 
' ' 
1 ae 
' ' 
: P ss e 3 
1 1 
; 4 
' ' 
: ss e es 
' ' 
' 7 
' ' 
' e oe 
} ' 
; 1 
tru e se 
' ' 
' oe 
' ' 
‘ru ss e 1,4 - 
‘ “=F ]-- -f --4---4-- --} ---} ---} ---} ---} - - -|---4----+}----}------- ’ 
! T 
' 1,3 ' 
iy c 
‘ru p sse ee oe oS ree See ee eee Ne Ser ‘ 
‘ --3- ewoboeda o deo oe bow hae Soe Sosa ae dee aks of escapee ? 
- a ae 
‘ru iP eo eee oe ee ee ee ee ee eee ee ee ee ee ee 
' ns ees ee Soe eet eet ed ee et eo 2 
' ' 
‘ru 1 : 
1 ' 
’ ie 
' ' 
‘ru h st p ss e 0 5 
' : 
' ' 
' H 
i Aberrant wiaadl 
| 
: eo : 
'Fotels......... Se SS et ee A Oe ee L 
i ‘ ruhsipsee 
FicurEs 1, 2 and 3.—Tabulation forms for complex linkage counts (backcross of + 


Directions for fitting forms together are given in the text. 


II-ple and III-ple, were bred, being backcrossed to the III-ple males. 
Fourteen females were treated, and eight kept as controls. (2) The females 
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were three weeks old when bred. (3) The ofispring hatched resulted from 
eggs laid during a period of four to twelve days after raying. (4) Two 
females were bred in each bottle. Owing to the first two differences the 
crossing-over frequencies in the controls of this experiment were sig- 
nificantly different from those in the controls of the preceding experiment. 

In the account that follows, the results of the experiments will be reported 
in the order a, d, b, c, as this sequence is better adapted for a comparison 
of significant features. 
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Fig. 2 


In recording counts like those made here, which involved either five or 
six, usually six, pairs of characters, and 32 or 64 possible combinations of 
characters, the tabulation is ordinarily very cumbersome and _ time- 
consuming,—a fact which seriously limits the numbers which it is feasible 
to count. An effort was therefore made to devise a more convenient 
system of tabulation, and a scheme was arrived at which proved so useful 
that it may be given here (figures 1 to 3) for the benefit of any workers 
who have similarly complicated linkage counts. The scheme as here 
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presented is for the recording of 6-locus third-chromosome counts, from 
females having III-ple in one third chromosome and all normal genes in 
the other, but it can of course be adapted, by changing and rearranging 
letters, to any other 6-locus count, and a similar scheme may be used 
for any number of loci. 

The tabulating form is made by cutting out the three pieces along their 
outer dotted lines, and folding along the heavy lines, as follows. Each 
of the two smaller pieces (B and C) is first folded back along its mid-line 
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and its two apposed halves are pasted, or held together with labels. 
Each (doubled) piece is then held with that side upward on which the 
remaining heavy line appears, and so placed that the letters seen are 
upright. The piece is then folded over towards the manipulator along 
this remaining heavy line, by leaving the lower, larger section of the piece 
in place and inverting the smaller, upper section over it, so that the back 
of the latter appears in view (with its letters now in upright position). 
This fold is not pasted together but left as a movable hinge. Piece B is 
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then attached to.A along its movable hinge by means of labels, in such a 
position that the hinge lies along the central line of A, and identical 
letters of the two pieces lie in the same vertical line. Similarly, piece C 
is fitted into piece B, within its; movable fold, so that its hinge lies along 
the same line as that of B and its identical letters are in line with those 
of A and B. When B and C are both in their folded, or more usual position, 
C then lies attached within the fold of B. 

The advantage of this form lies in the fact that the combinations most 
frequently encountered—non-crossovers and single crossovers—are com- 
pactly and systematically arranged in open view, for ready recording of 
results, and in addition the other classes are not scattered along so that 
a search is necessary for finding them, but are immediately exposed by 
the left hand when the finger is inserted in the space between the letters 
representing the first two genes between which crossing over has occurred. 
Thus, if a double crossover commencing 7, # non-s, is found (this involves 
a crossing over first between / and s,) the finger is inserted upon r, h, so 
as to remove s,, by folding upwards the sheet containing this symbol. 
This brings to view, at the point of the finger, the space for recording such 
double crossovers. On the other hand, if the double crossover had been 
non-r,, non-h s,, the finger, isolating s, from 7, #, and following it upwards, 
points to the record of all double crossovers commencing in s;. If one 
thinks of the characters in the order in which their corresponding genes lie 
in the chromosome, the finding of each given combination on the table by 
the above method soon becomes practically automatic. The convenience 
of the form of tabulation here described, and the ease with which a given 
class is found by means of it, is, however, more readily appreciated after 
a little manipulation of the form than by long explanations. It will like- 
wise be found that this form saves much time when the results are treated 
for analysis, as the employment of the third dimension makes possible 
a more systematic juxtaposition of corresponding classes, and a readier 
summation or comparison of them than can be secured in the ordinary 
table. Forms of this type, once worked out, may be mimeographed, and 
are then available for extensive counts. 

In taking the record, it saves time first to pick out the flies of the 
classes expected to be most numerous (the non-crossovers), to count and 
record these and get them out of the way, then to proceed to the next 
most numerous, and so on down, for this results in looking over the same 
fly the smallest number of times. Another way is simply to keep tally, by 
classifying each fly in succession as it comes and recording this with a 
mark in the appropriate square of the table. In that case the time-saving 
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feature of the present as compared with other forms of tabulation becomes 
most marked, but tallying is not advisable unless the proportion of classes 
to number of flies counted is very large. 

The writer is deeply indebted to Doctor DALTON RICHARDSON, Roent- 
genologist of Austin, Texas, for the generous spirit of scientific coéperation 
in which the latter carried out the actual treatment of the flies, with his 
own apparatus. 

In addition, the writer wishes to acknowledge the efficient and con- 
scientious aid given him by his students, Mr. G. LANGNER, Mr. H. 
LreFrxowi17Tz, Miss A. RUYSENAARS and Miss F. SETTLES, in the making of 
the counts in the present experiments involving the lighter dose. 


DATA ON REACTION OF THIRD CHROMOSOME TO LIGHTER DOSE 


In table 1, data from the experiment on the third chromosome, in- 
involving the series treated with a dose of 26.8 H (11.7 D), and its control, 
are presented in condensed and analytic form, the percent of crossing over, 
or “distance,” between each two neighboring genes being given, and also 
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Ficure 4.—Effect of lighter dose on chromosome III. Heavy line represents quotient of 
treated divided by control crossover value, height of line (ordinates) giving size of quotient for 
region of chromosome shown on base line (abscissae). Upper and lower dotted lines give values 
of quotient plus and minus its probable error. Points on base line are plotted according to the 
standard map values. 
the total percent of crossing over, or “map length,” and the total number 
of flies counted. After each of the percents is given its “probable error” 
(to which it would be subject if random samples of the given size were 
taken out of an indefinitely large lot of individuals having the given 
percent as its true percent). The values for the treated series are given 
on the first line, those for the controls on the second line. The differences 
between percents for treated and control series, with their “probable 
errors” (taken on a basis corresponding to that above) are given on the 
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third line, and the number representing each difference divided by its 
own probable error is recorded on the fourth line. On the fifth line the 
ratios, or quotients, formed by dividing the percent for the treated by 
that for the control series, are given, with their probable errors (also on a 
corresponding basis); a graphic representation of the quotients and their 
probable errors is shown in figure 4. 

Examination of the table shows at once that the only region in which 
a difference at all significant occurred between treated and control series 
was Si-p, or region 3, the section which is believed to include the middle 
point of the chromosome (at which the spindle fibre becomes attached). 
The differences in all the other regions were scarcely, if any, greater than 
their own probable errors, but in this middle region the difference was of 
a size (2.9 times its probable error) such that it would have occurred only 
once in twenty times had the treated and control really had the same 
crossing-over value. The difference was, moreover, in the same direction 
as that found by Mavor for the central region of the other long autosome, 
—that is, an excess of crossing over in the treated series. It is, therefore, 
probable (with a probability of 19 to 1, according to the usual method of 
reckoning) that a dose of X rays of only about 27 H increases the frequency 
of crossing over in the center of the third chromosome. There is no 
evidence, however, that this dose of X rays affects crossing over elsewHere 
in the third chromosome, either by increasing or decreasing it, and it is 
noteworthy that this statement applies to p-s,, the region next nearest the 
center, at least as strongly as to the regions further removed, whereas in 
Mavor’s work on the second chromosome, in which a larger dose was 
used, the region, /,-c, corresponding to p-s,, was affected decidedly, and 
in the same sense as the most central region. 

Although the ratios of treated to controls are, of course, subject to 
considerable error, they are a measure of the intensity of the effect pro- 
duced by the treatment,—-so far as this may be revealed by the data at all, 
—and, as will be seen later, it will be desirable to compare these ratios 
statistically both with each other and with the ratios obtained in the other 
experiments. 

The total map lengths of the chromosome sections studied show an 
excess of 5.3 units in the treated series. Although such a difference (2.1 
times its probable error) should occur, on the average, once in every six 
samples of the given sizes even if the true map lengths were the same, 
nevertheless, it may be taken as slight evidence in favor of the total map 
length being increased by treatment. The increase found, however, gave 
the treated series a length of only 1.07+0.3 times that of the controls, 
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showing that the chromosome as a whole was, at any rate, not much 
affected. 

The percents of crossing over, considered in each region, separately, are 
not the only values about which it is desirable to obtain information. The 
data also contain information regarding the amount of coincidence of 
crossing over, that is, the frequency of double crossovers, as compared 
with the proportion of double crossovers which would have occurred if 
crossings over in the two regions considered had been independent of one 
another (see MULLER 1916, WEINSTEIN 1918). The values of this “coin- 
cidence,”’ for each two contiguous regions, and some others, are given in 
table 2. In the case of both treated and controls the coincidences between 
adjacent regions (involving distances of 0 to 30 or 40 for the double 
crossovers involved) are significantly below 1.0 (the expectation if cross- 
ings over in the two regions were independent) in the outer parts of the 
chromosome, but within the range of error of 1.0 in most cases involving 
even short distances in the middle of the chromosome. This result is in 
accord with those of previous experiments on the (non-X-rayed) third as 
well as second chromosomes. One coincidence, however, that for 3,4,— 
the middle and an adjacent region,—in the treated series seems sig- 
nificantly higher than 1.0. Much stress cannot be laid upon this fact, as 
the unavoidable rare errors which may be made in classification necessa- 
rily affect the accuracy of the small double-crossover classes far more than 
that of the other classes. The difference between the 3,4 coincidence 
values of treated and control is 2.9 times its probable error. As this occurs 
in the very region in which crossing over has been increased, it may 
represent a real difference. On the whole, however, the coincidences for 
adjacent regions are strikingly alike in treated and control series. 

If the coincidences for adjacent regions approach 1.0, it might be 
expected that those for more distant regions would be still more likely to 
show this ratio connoting independence of crossings over. The coincidences 
of distant regions might, therefore, have less chance to show an effect 
from the treatment than those of adjacent regions. Those for 2,4,—the 
regions on either side of the center,—-were calculated, as being most likely 
to show an effect from treatment, but, as the table shows, they do not 
depart significantly from 1.0 or from each other. Coincidences for 1,5 were 
also calculated,—as representing the most widely separated regions,—but 
here too they are within range of 1.0 and of each other. 

In calculating these coincidences for regions not adjacent to each other, 
only that part of the data was allowed to enter into any of the elements of 
the computation, which comprised individuals not having a crossing over 
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in an intermediate region. The resultant coincidence coefficient, which 
may be called a “partial coincidence,” shows more correctly the possible 
influences upon one another of crossings over in the two regions con- 
sidered, than the ordinary coincidence coefficient, which entails the 
disturbing influence of intermediate crossings over, would do. The effect 
of the intermediate crossing over, being to “inhibit” crossing over both 
to left and right of it, causes a reduction in the number of crossings over 
that happen simultaneously in those two regions, and thus may cause an 
apparent negative correlation (reduction of coincidence below 1.0) between 
these distant crossings over, even though they may be having no direct 
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FicureE 5.—Effect of heavier dose on chromosome III. Details as in figure 4. 


influence on each other. The “partial-coincidence” coefficient, avoiding 
this source of error, has in our own experiments shown a coincidence within 
the range of error of 1.0 for the more distant regions in at least fourteen 
out of sixteen cases, whereas the ordinary coincidence would in most of 
these cases have been below 1.0. 


DATA ON REACTION OF THIRD CHROMOSOME TO HEAVIER DOSE 


The results obtained for crossing-over frequency in the third chromo- 
some when the dose of X rays was doubled, and those of the control series 
bred simultaneously, are shown in table 3, in which the data are presented 
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in the same manner as in table 1, already described. Figure 5 is a graphic 
representation of the quotients of table 3, and their probable errors. 

It will be seen that in this experiment, both the most nearly central 
region, s,-p, and that next nearest to the center, p-s,, showed a highly 
significant excess of crossovers in the treated as compared with the control 
counts. The chance that such differences should have been found in ran- 
dom samples of the same material is considerably less than 1 in 5000, in 
‘each case. On the other hand, the differences in the other regions, which, 
taken at their face values, suggest a slight decrease of crossing-over 
frequency in the more distal regions of the chromosome, have no distinct 
statistical significance. 

The result, then, seems to prove that the effect of X rays in increasing 
crossing over, is, with larger doses, not confined to the very center of the 
chromosome. Hence, the effect could not be due to a mere increase in the 
number of breaks at a given point—such as the point of attachment of 
the spindle fibre. This result for the third chromosome is in accordance 
with the results obtained by MaAvor, with similar doses of X rays, for 
the second chromosome, inasmuch as he found both the central region 
(b-p,) and one adjacent to the center (p,-c) to be affected; in his work, 
however, as no other regions were studied, the question of a possible 
localization of the effect was not raised. In the pres :nt experiment there 
is also some slight evidence of an increase of cros.ing over in the region 
(h-s,) adjacent to the center on the left, but the increase indicated is small, 
in accordance with the fact that this region averages considerably farther 
from the center than does the adjacent region on the right (p-s,). The 
total increase indicated, for all the central regions, is 10.1 units with this 
dose, as compared with 3.7 units in the case of the dose half as large. 

The total map length in the present experiment is 7 units greater in the 
treated than in the control series, a difference having distinct statistical 
significance (chance in random sampling 1 in 250), but somewhat smaller 
than the difference in the more central regions taken by themselves, owing 
to the slight decreases found in the distal regions. It may be noted here 
also that, owing to the fact that most of the coincidences remained approx- 
imately 1.0 in the treated series, this increase in map length did not carry 
with it any significant change in the percent of actual separations between 
the two most distant points considered, 7, and e, even when this relatively 
strong dose of X rays was employed; for the percent was 44.5+1.2 in the 
controls and 43.9+0.8 in the treated counts,—actually a (non-significant) 
decrease of 0.6 percent+1.42 percent in treated as compared with con- 
trols. 
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The coincidences, which were all calculated, are shown in table 4, 
together with their probable errors, and the differences between treated 
and control coincidences, with their errors, and the number of times these 
differences are of their errors. In the case of non-adjacent regions the 
partial coincidences were obtained as before, instead of the gross coinci- 
dences, by elimination from the data of all crossovers occurring in regions 
lying between those considered. 

It will be seen that the values obtained here are, on the whole, very 
similar to those of the preceding experiment, being low, distinctly below 
1.0, for nearby regions in the distal parts of the chromosome, but within 
range of 1.0 in the great majority of the other cases. In all but two of the 
10 pairs of cases, moreover, the values are substantially the same in treated 
and control series, the difference being not more than twice its probable 
error. One of these pairs of aberrant cases is coincidence 2,3, involving 
the middle and an adjacent region. This suggests, as did the aberrant 
difference for coincidence 3,4 in the first experiment, that in the central 
region the coincidence is being increased by X rays. Neither experiment 
really corroborates the other in regard to this question, however, since 
the conspicuous difference in each experiment is balanced by an equality 
of the exactly corresponding coincidences in the other experiment. Com- 
parison of the controls and treated in the two experiments suggests that 
the difference between control and treated values of coincidence 2,3 in 
the present experiment may really be due to an abnormally low value for 
this coincidence in the present control, as the treated value of the present 
experiment is about the same as both treated and control values in the 
other experiment. The same consideration holds with regard to coinci- 
dences 1,5, in which the treated value in the present experiment conforms 
to the 1.0 value to be expected for such distant regions, and to the value 
obtained in both treated and control in the other series. After all, however, 
the difference between treated and control coincidences 1,5 in the present 
experiment does not represent a very rare chance for samples from the 
same material, being less than 3 times its probable error. And, as explained 
previously, coincidence values are likely to be subject to other errors than 
those of random sampling in greater degree than are crosging-over fre- 
quency values. 

On the whole, then, the similarity of the coincidence values obtained in 
treated and controls, and of the values obtained in the two experiments, is 
the most striking feature of the coincidence results. The study does not 
include, however, regions near the center which are small enough and 
close enough together to have coincidence values which are normally 
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distinctly below 1.0, and so it cannot be concluded that X rays would have 
no effect upon coincidences of small magnitude in this portion of the 
chromosome. But it can be concluded that coincidences of small mag- 
nitude in distal regions, and also all coincidences normally approximating 
1.0, in any regions, are affected little or not at all by these doses of X rays. 


DATA ON REACTION OF SECOND CHROMOSOME TO LIGHTER DOSE 


The data relating to crossing-over frequency in this experiment have 
been analytically presented in table 5 and figure 6 in similar fashion to 
those of the preceding experiments. A glance at the figure or at the table, 
(especially at the line of quotients, which is the most informative) shows 
the remarkable similarity between the results here and in the experiment 
on the third chromosome in which the same dose was used. In the present 
experiment, as in the other, the only region distinctly affected was the 
centermost region (here b-p,), in spite of the fact that Mavor, with his 
larger dose, found that the other region studied by him, ,-c, was affected 
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FicuRE 6.—Effect of lighter dose on chromosome II. Details as in figures 4 and 5. 


also. A difference as large as that in the centermost region in this experi- 
ment would arise less often than once in 140 trials, if due purely to chance; 
differences as large as those in any of the other regions would arise oftener 
than once in 4 trials. The increase in the length of the total map,—6.4 
units,—is also fairly significant, and about the same in amount as the 
increase (5.3) in the map length of chromosome III under the same con- 
ditions. 

The coincidences for adjacent regions were calculated, and are given 
in table 6. As in the case of the corresponding coincidences in chromosome 
III, these are significantly lower than 1.0 for regions chiefly on the same 
side of the midpoint, but are approximately 1.0 for regions chiefly on 
opposite sides of the mid-point, even when these regions are adjacent 
and fairly short (2 and 3). This result agrees also with previous data on 
coincidence in chromosome II. Of greater interest is the fact that, as was 
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found to be the usual rule in chromosome III, there are no significant 
differences between the coincidences for adjacent regions in treated and 
control lots. (Coincidences for non-adjacent regions here were all within 
close range of 1.0, since in these cases the regions were always on opposite 
sides of the mid-point.) Again we must not conclude from this correspond- 
ence that in the central portion of the chromosome the smaller coincidences 
which might have been obtained from regions still closer together would 
not have shown significant differences. 

The close parallel between the results for the second and the third 
chromosomes, when treated with the lighter dose, makes more significant 
the increase in crossing-over frequency in the central region of chromosome 
III, which by itself would not have seemed so decisive. Further, the 
marked difference between the reaction to the weaker and that to the 


TABLE 6 


Effect of lighter dose on coincidence in chromosome II, 























REGIONS INVOLVED 
ORIGIN OF DATA 

1 and 2 2 and 3 3 and 4 
Treated series, “T”’ 0.6+ .076 1.2+ .106 0.6+ .049 
Control series, ““C” 0.8+.115 1.0+ .13 0.7+.055 
Difference, T—C —0.2+.138 +0.2+.168 —0.1+.074 
Difference +probable 1.45 iz 1.36 

error 











stronger dose shown by the region next in proximity to the center acquires 
much greater significance from the fact that this same phenomenon 
appears both in the third chromosome (as previously noted) and in the 
second (as shown by comparison of the present results on #,-c with those 
of Mavor). The relative lack of effect of either dose on the frequency of 
crossing over in the distal regions is also made more certain by the cor- 
respondence of all the present experiments in this respect. That this 
apparent lack of effect, in these long regions, cannot be due to a relative 
increase in the proportion of double crossovers is proved by the coincidence 
studies. 


DATA ON REACTION OF SECOND CHROMOSOME CONTAINING 
CROSSOVER-INHIBITORS TO LIGHTER DOSE 


The chromosome bearing the gene for curly wings contained the cross- 
over-inhibiting genes studied by WARD (1923),—one located in the left 
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half and preventing nearly all crossing over in this section, and the other 
in the right half, preventing most of the crossing over there. These effects 
occur in flies heterozygous for the genes (homozygous curly is lethal). 
The central region of the chromosome is less affected by either of these 
genes than the distal region in which the gene is located; thus even when 
both genes are present there is a small amount of crossing over between 
b and #,, and between #, and c. This is illustrated in the controls of the 
present experiment, on the second line of table 7, where it is shown that 
2 crossovers were found in the first and 1 in the second of these regions, 
but none elsewhere, amongst the 2060 flies. Amongst the 901 flies from 
treated parents there were 9 crossovers altogether, 5 of these being in the 
most central and 4 in distal regions. Although the total numbers of 


TABLE 7 


Effect of lighter dose on chromosome II with curly present. 




















PERCENT mevbat NUMBER OF CROSSOVERS (ALL SINGLES) IN: 
ORIGIN CROSSOVERS Poa 
OF DATA IN TOTAL é Region 1 Region 2 Region 3 Region 4 |Total distance 
COUNTED ~d 
DISTANCE T?-b bh, Pr-c o-Sp T4-sy 
Treated 
series. ‘““T” 1.0+ .22 901 1 3 0 3 9 
Control 
series, “C” | 0.15+.06 | 2060 0 2 1 0 3 
Difference of 
percents 0.85+ .23 
Difference 
+ probable 3.7 
error 


























crossovers are necessarily very small throughout, the difference between 
the total percents (map lengths) is significant, and it is decidedly probable, 
as well, that the percent of crossovers has been increased both in the 
center and also in the distal regions. If this is the case, it would seem that 
crossing-over frequency in the distal regions is more readily affected by 
X rays when genes that interfere with crossing over are present. In the 
central region X rays affect crossing over readily both in the presence or 
in the absence of such genes. 

As to the degree of the effect produced, the quotient of treated total map 
length divided by control is 6.9, but this quotient has little meaning for the 
making of comparisons with the quotients obtained in the other experi- 
ments, since the absolute numbers of crossovers obtained here were so 
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small that the probable error, +3.1, of the above quotient, is very large 
in proportion to its own value. Certainly, however, the total length is 
affected more here, proportionately, than in the other experiments, since 
in them the bulk of the length was made up of the unaffected distal 
regions. There is no question of possible effects of change in double- 
crossover frequency upon the total length in the present experiment, as 
no double crossovers occurred either in treated or in control sets. 


THE STATISTICAL TREATMENT 


In calculating the probable errors, the customary procedure was 
followed, of regarding each sample as a random one, aside from possible 
differences due to the controlled element of the treatment (X rays). 
Any deviations greater than would commonly be found between random 
samples were, therefore, held to indicate an effect due to treatment. Such 
is the method which has been followed by Mavor and by most other 
geneticists in handling their data. 

The fact should not be lost sight of, however, that there may possibly 
be other, uncontrolled sources of difference between the results in “treated” 
and “control” series, such as differing composition with regard to “‘in- 
visible’ genes, or with regard to unnoticed or uncontrollable environic 
conditions to which the parents or batches of offspring may at some time 
have been subjected. As the parents are divided at random between 
treated and control series, and no distinction is made in the method of 
handling of the two series of cultures, such differences would, of course, 
have an equal chance of existing amongst the cultures of either treated 
or control series alone, but their random distribution among the members 
of the two series would add another source of deviation between the two 
final results, in addition to the effect of the treatment, and to the random 
sampling of the germ cells which the final counts of each culture represent. 
GOwWEN’s (1919) statistical studies on crossing over have shown that the 
frequency of this event is often so variable, from culture to culture, that 
we must assume the comparatively frequent occurrence here of “invisible” 
influences like those mentioned. 

Fortunately, the effect of such influences may be gauged in any ex- 
periment in which a number of cultures (that is, sets of samples) have 
been counted in both control and treated series. If such influences are not 
at work, the cultures in either series, separately, will not differ from each 
other more than random sets of samples should,—a matter not difficult 
to determine by comparing the standard deviation of the values in the 
cultures with the standard error to be expected of sets of random samples 
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of a size equal to the harmonic mean size of the actual cultures. In that 
case, then, the ordinary formulae for random sampling may be used in 
determining the “errors” of control and treated series, and of their 
differences and quotients, and departures sufficiently exceeding these 
“errors” may be taken as proving an effect produced by the treatment. 
If, however, the cultures of either treated or control series prove to differ 
more amongst themselves than random sampling would reasonably allow, 
a different method must be followed. In this event, the standard deviation 
(or “probable deviation”) which these cultures are observed to show 
amongst themselves (in regard to the character considered, such as 
crossover frequency) must be divided by the square root of the number 
of cultures forming the series. The resulting value must be used as the 
standard, or “probable,” deviation of the value of this character for the 
series as a whole (treated or control series, as the case may be), and any 
theoretical ‘“‘probable error,” calculated on the assumption of purely 
random samples, will not apply. The value obtained as above is, however, 
itself subject to considerable (though calculable) inaccuracy, unless the 
number of cultures in the series is large. 

In the case of the present data a considerable number of comparisons 
were made between the standard deviations shown amongst the cultures 
of a given series, in regard to particular crossover frequencies, and the 
standard deviations, or “standard errors,” to be expected if these cultures 
really represented random samples drawn from the same material. The 
correspondence was close throughout, the differences between observed 
and calculated standard deviations being within the limits of error to be 
allowed for the calculated standard deviations themselves. It was thus 
evident that the use of the ordinary formulae of random sampling would 
here be permissible for determining the significance of the results, and it 
was also apparent that since the data from a given series were in this sense 
homogeneous, they might all be added together, for presentation in con- 
densed form, instead of being shown by individual tabulation of the 
results concerning all 64 classes of each bottle. Finally, a pragmatic test 
of the significance of the data for determining the effects of the agent 
under control (X rays), as contrasted with uncontrolled influences, was 
forthcoming, when the results of the different experiments were compared 
and found mutually consistent, the results on the two chromosomes 
paralleling each other in a way that would be most remarkable if due to 
unregulated agents. 

Another customary, but dubious, statistical practice of geneticists, which 
was followed here, was the calculation of the probable errors by a formula 
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which really gave the deviations to which other observed values would 
have been subject, if the given observed value were itself precisely equal 
to the true value in the material as a whole. As a matter of fact, however, 
the true value may be either smaller or larger than that observed, and what 
is really wanted is the probable deviation that observed values would show, 
firstly, on the assumption of the largest true value that might “reasonably” 
have been expected to give the value originally observed, and, secondly, 
on the assumption of the smallest “reasonably possible” true value. As 
the larger extreme hypothetical true value would have a somewhat larger 
error than a true value equal to that observed, and the smaller extreme 
hypothetical true value a smaller error, the figures that are really desired 
differ somewhat from the probable errors as ordinarily found. The dis- 
crepancy is more pronounced when the values considered are themselves 
small in proportion to their probable errors. Serious miscalculations are 
seldom caused in this way, however, and rigorous methods for determining 
the more strictly accurate values do not seem to have been well worked 
out. It was not considered worth while, in the present work, to go through 
the laborious and sometimes doubtful calculations that the use of approx- 
imation methods for this purpose would have entailed. This slight source 
of inaccuracy, then, which is common to nearly all statistical work, applies 
throughout the preceding and the following calculations, in the case of all 
probable errors employed,—including those for crossover frequencies, 
map lengths, differences and quotients. 

The value termed “probable error,” as here used, is indirectly deter- 
mined and approximate, as the value first calculated in each case is the 
“standard error,” which is multiplied by .6745 to obtain the supposed 
“probable error.” Standard error, unmodified, might, be a better measure 
of deviations, but “probable error” has been employed in the present 
tables because it is more familiar to the average biological reader, who is 
accustomed to seeing it appended to an observed value, after a + sign, 
without any further notation being necessary. 

The formula used to find the standard error of the crossover frequency 


(E,) was the familiar one E,= le , wherep = proportion of cross overs 
n 


(observed) and »=total number of individuals in the count. For the 
standard error of the map length (Z,,) a new formula had to be worked out, 
the derivation of which is given in a paper which will appear in the Novem- 
ym —m)+2-1d+3-2t+4-3q+ 








ber issue of GENETICS; this formula is E,, = 
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where m represents the total map length (in proportions, i.e., in ‘““chromo- 
some units” divided by 100), d=the proportion of double crossovers, 
t the proportion of triples, g of quadruples, etc. 

The standard error of coincidence (EZ.) also presented a problem not 
hitherto solved. The solution of this, also explained in the parallel paper, 
is as follows: 
es y= e(e.tb,+00) 

F dn 
portions of (all) crossovers in the first and second regions considered, 
respectively, and a, and }, the proportions of single crossovers in each of 
these regions (or at least crossovers not involving double crossing over 
occurring in these two regions simultaneously). As explained in the 
section on “partial coincidence,” ” may, if non-adjacent regions are 
considered, be limited to the number of those individuals not having any 
crossing over in an intermediate region; in that case a, b, d, a, and b, are 
correspondingly limited, and are calculated on the basis of the limited n; 
the formula still holds, however. 

For the standard error of a difference (Ez) the common formula, Eg 
=/a;?+ 27, was used, where o; and o2 are the standard deviations of the 
two quantities whose difference is being considered. For the standard error 

2 2 
of a quotient (Eg) theformula Eg -0y 5. + (*) was employed, Q being 


Neo 








, where c is the coincidence, @ and b are the pro- 





the quotient itself, 2; the value forming the numerator and m2 that forming 
the denominator of the quotient, and o; and oz being the respective 
standard deviations of the latter. Like the formula for the difference, 
this formula only holds provided the two values entering into it are 
uncorrelated, but this must of course be true in the present problems. 
For some reason, quotients seem seldom used in genetic statistics, and 
their probable or standard errors are very rarely seen, comparisons being 
made almost exclusively by means of differences. There are many prob- 
lems, however, the solution of which requires the use of quotients and 
their errors. In the present work, the quotients of treated over control, 
and their errors, are necessary for the main purpose,—a comparison of 
the intensity of the effect of treatment in the different regions. The 
corresponding differences between treated and control in the different 
regions cannot be used for this comparison, since the size of the 
difference obviously depends not only upon the intensity of the effect, 
but also upon the size of the region considered. We may now make an 
examination of these quotients, in a final analysis of the results of the 
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foregoing experiments, and we may use the errors of these quotients to 
determine the degree of certainty of the final conclusions. 


FINAL ANALYSIS 


Reference to the next-to-the-last lines of tables 3 and 5 shows that in 
the central region a significant or probably significant difference between 
control and treated was produced in each case (chance 1 in 20 in chromo- 
some ITI, 1 in 200 in chromosome II, for such a difference to be an “error’’), 
and that in none of the other regions were significant differences produced. 
This by itself, however, does not prove the thesis that the X rays affected 
the central region without affecting the distal regions, or even that they 
affected the center more than the distal parts; for the possibility would 
still remain that the X rays really affected all regions equally but weakly, 
if the center had chanced to be a plus random variate and the other 
regions minus random variates of one effect. To eliminate this possibility, 
and thus prove a differential effect of the rays, it is necessary to show that 
the intensities of effect, represented by the quotients, for the center, are 
significantly larger than those for the other sections. Hence, we are now 
required to obtain the differences between the quotients for the various 
regions, and examine the significance of these quotient-differences by 
comparing them with their own “probable errors.” The latter are, of 
course, found by the formula Eag = /Eg:?+Eo2’ . 

A list of the differences between the quotient for the center and the 
quotient for each of the other regions, together with their probable errors 
and the ratio they form to the latter, in the case of each of the first three 
experiments, is given in table 8. In the experiment involving chromosome 
III and the lighter dose, reported in the first column of the table, it is 
seen that the difference between the quotient for the center and the other 
quotient in each case hovers about 2.1 times its probable error. Each of 
these differences by itself is, therefore, not very significant. The differences 
between the quotient for the center and the mean of the quotients for the 
rest of the chromosome is given on the last line. The probable error of this 
mean value is obtained by calculating the square root of the sum of the 
squares of the probable errors of the individual values, and dividing the 
result by the number of these individual values (in this case 4). It will be 
seen that the difference between the quotient for the center and the mean 
of the other quotients is 2.3 times its probable error; thus, it is slightly more 
significant than the individual differences, representing a chance of 1 in 
9.5 if there were really no difference between the quotients. 
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Turning now to the parallel experiment on chromosome II, (2nd 
column) we find that the quotient for the center differs from each of the 
others by values ranging from 2.5 to 3.0 times the probable error (repre- 
senting chances of 1 in 14 to 1 in 23 on the assumption of no real positive 
difference). The difference in quotients between the center and the mean 
of the rest of the chromosome is 2.8 times its probable error, which 
represents a chance of 1 in 17 if the true values were equal (or if the 
quotient for the center were really smaller). 

In each of the above experiments, separately, then, the probability is 
only moderate that the center was-affected by X rays more than the distal 
regions. We may, however, combine the results from the two experiments, 
asking the question, what is the probability that in both of them together 
(i.e., in at least one of the two experiments) the X rays affected the middle 
more than the ends? To answer this question we may take the mean of 
the differences between the quotients for the center and for the rest of the 
chromosome (as a whole) in the two experiments; this value is 0.414. Its 
probable error (obtained like the error of the means in the preceding pages) 
is 0.133. Hence the mean difference is 3.1 times its own probable error, 
which represents a chance of 40 to 1 that the mean difference is significant. 
We may therefore conclude that it is really very probable that X rays 
have produced a differential effect upon the center as contrasted with the 
remainder of the chromosome as a whole, in at least one of the experiments 
with the lighter dose of rays, and, since there are a priori reasons for 
believing that the two chromosomes would be affected similarly (as well 
as the argument from the present similarity of data) it becomes extremely 
likely that both chromosomes were affected in this way. 

By following an identical method it may be shown that the chance is 
33 to 1 that the central region has in both experiments been affected more 
markedly by the light dose of X rays than the region (,-c or p-s,) just 
“to the right” of it, and next in proximity to the center. The calculations 
involving the center and each of the more distal regions, considered 
individually, give in every case a considerably higher probability than 
this. Our original ccnclusion concerning differential action on the center 
as contrasted with the rest of the chromosome as a whole may accordingly 
be extended to each of the regions in this remainder of the chromosome, 
individually. 

The experiment on the third chromosome, involving the stronger dose, 
proved decisively the effect of X rays on both the region including the 
central point and that next in proximity to the latter, and failed to show 
an effect on the distal regions. We cannot, however, conclude that there 
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was really a weaker effect (much less that there was no effect) on the distal 
regions until we determine whether the differences between their quotients 
and those for the more central regions are significant. The third column 
of table 8 shows that the differences between the quotients for the central 
and for each of the “distal” regions range from 3.0 to 3.8 times their 
probable errors (according to the distance.of the latter regions from the 
center), giving chances of only 1 in 20 to 1 in over 100 that these differ- 
ences have no significance. The differences between the quotients for the 
p-s, region and the other regions, with their probable errors, are given in 
the fourth column of the table. In this case the differences are even more 
significant than those for the central region (owing to the greater accuracy 
o: the count for the larger p-s, region); they range from 3.4 to 4.6 times 
their probable errors (chances 1 in 45 to 1 in 500). 

















TABLE 9 

Effects of heavier dose on composite regions of chromosome ITI. 
a TREATED CONTROL QUOTIENT DIFFERENCE DIFFERENCE 

FREQUENCY FREQUENCY (t+c) BETWEEN QUOTIENTS| +PROBABLE ERROR 

. 8. 141.16 .99 +: .036 || . 
Tu-St 40.8+ .87 41.1+1.19 0.99 + .036 0.89 + .152 5.9 
St-Ss 16.9+ .65 9.0+ .62 1.88+ .148 
32+. 5.6 

sre 10.84.52 | 11.44.74 | 0.954.076 |f °-°%*+-1 




















The most decisive manner of handling the data in the above experiment 
is to compare the quotient for the entire central section from s; to s, 
(including s,-p and p-s,) with that for the entire left distal section, 7, to 
s, (including r,-h and h-s,), and with that for the right distal region, s,-e. 
The errors of the quotients are worked out as before, but can now be based 
on the errors of the control and treated values for composite regions; the 
latter errors are obtained by the use of the formula previously given for 
the standard error of a “map length.” The quotients and their errors, so 
obtained, together with the results concerning the differences of these 
quotients, are given in table 9. The more central ‘composite region,” or 
“section,” differs from the distal section by 5.85 times the probable error 
of this difference and from the right distal region by 5.6 times the error of 
the latter difference; the first set of quantities gives a chance of less than 
1 in 7000 and the second set a chance of less than 1 in 12,000 that the 
intensity of the X-ray effect is not greater on the more central region. 
The differential effects in this experiment, then, are the most conclusively 
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established of all,—-which is in accordance with the fact that a stronger 
dose was here used. 

The results of this experiment with a strong dose differ from those 
obtained with a lighter dose, first, in that they are more pronounced and 
decisive, and second, in that they indicate an effect of the X rays over a 
greater length of the more central region. We may now inquire whether 
the differences between the effects of stronger and weaker doses are 
themselves “‘significant,” or whether they could result from random 
sampling. 

Considering first the third chromosome, we find that in the case of the 
most nearly central region, s,-p, the difference between the quotient for 
treated over control with the light dose, 1.52+.21, and the corresponding 
quotient with the heavy dose, 2.0+.29, is 0.48+.36. As this is only 1.3 
times its own probable error it has by itself very little significance. In the 
case, however, of the subcentral region of this chromosome, #-s,, there is 
a difference of 0.81 +.21 between the quotient for the light dose, 0.99 + .093, 
and that for the heavy dose 1.8+.189. This difference, being 3.85 times 
its probable error, would occur but once in more than a hundred trials, if 
there were really no difference between the effects of the two doses. Thus, 
it is practically certain that the heavier dose affected at least a part of the 
Si-S, section more strongly than did the lighter dose. While it is quite 
possible that within this section the subcentral region, p-s,, has its crossing- 
over frequency more raised by a change from light to heavy dose than 
does the centralmost region, s,-p, (relatively to the effect which the light 
dose itself causes), nevertheless, the errors are much too large to make 
sure that there is a real difference between the two regions in this respect. 

Turning now to the second chromosome, and ¢onsidering first the 
centralmost region, b-~,, we find that for the lighter dose the treated-over- 
control quotient is 1.4+.12. For the stronger dosage we may use MAVoR’s 
data, relating to flies from eggs laid 6 to 12 days after treatment with 65 H 
(averaging together the results from 62.4 H and 68 H). From these data 
we may compute, by the methods outlined in the present paper, a quotient 
of 4.07 +.315 for the b-p, region. The difference between the quotients for 
the two doses here, then, is 2.67+.34. This is 7 to 8 times its probable 
error, and hence unquestionably significant. On the other hand, for the 
subcentral region, /,-c, the data of the present paper, involving the lighter 
dose, give a quotient of 1.08+.053, and Mavor’s data, for the heavier 
dose, may be reckoned as giving 1.23+.055. The difference here is 0.15 
+.076. This would represent a chance of 1 in 5.6 on the assumption of no 
real difference in effects of the two doses, but about the same chance if the 
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heavier dose really produced as much increase in crossing over, relatively 
to the effect of the lighter dose, as in the case of b-p,. For the second 
chromosome, then, we find an undoubtedly stronger effect on the central 
section as a whole, b-c, in MAvor’s experiments than in those of the 
present paper, but we cannot tell whether the two “regions” of this section 
are affected to the same extent (relatively to the effect caused by the 
lighter dose) by a change from lighter to heavier dose. 

There is no real ground in the above results, then, for assuming a 
difference between the second and third chromosomes, in regard to the 
chief seat of effect within the central section, of an increase in dosage, even 
though the raw data suggest such a possibility, and this assumption would, 
if anything, seem rather unlikely, in view of the similarity in behavior 
otherwise shown by these chromosomes, both in the present and in other 
experiments. Neither can we, in the case of either chromosome, decide 
from the present data whether the lighter dose of X rays is really more 
localized in its place of action than the heavier dose. For, although the 
lighter dose appeared to produce no effect whatever on the subcentral 
region of either chromosome, the errors were great enough to allow for an 
effect as large, in proportion to the effect of the same dose on the central- 
most region, as that found in the case of the heavier dose. All that can be 
said is that not until the heavier dose was used were the effects on the 
subcentral regions pronounced enough to be detected under the conditions 
of the experiment. 

In the case of the second chromosome, there is an additional chance for 
error in comparing the effect of the two doses, inasmuch as (1) MAvor’s 
work was done on a stock of widely different origin from that used by the 
present writer, and (2) we do not know whether the individual cultures 
in MAvor’s experiment really represented random samples, or varied 
more than random samples from one another, due to environic or genetic 
causes. The latter suggestion seems to receive a certain amount of support 
in the fact that when the results obtained by Mavor with 62.4 H and 
68 H are compared, it turns out that the quotient of treated over control 
for b-p, was higher with the latter dose, but the quotient for p,-c was higher 
with the former dose. 

We may consider, lastly, the question of possible reversal of the effect 
of X rays on crossing-over frequency, with change of dosage. This was 
originally suggested by PLoucH (1924), chiefly in order to reconcile 
Mavonr’s findings of a decrease in crossing-over frequency in chromosome I, 
and an increase in chromosome II, when similar doses of X rays were 
applied. PLouGn’s suggestion was that weaker doses of X rays may cause 
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a decrease and stronger doses an increase of crossing-over frequency, in 
the same chromosome (or, we may now say, “chromosome region’’); that 
chromosomes (or “‘regions’’) may, however, be different in their suscepti- 
bility to X-ray influence; and that, therefore, the same dose of rays may 
cause a decrease in crossing-over frequency in one portion of the chromatin, 
and an increase in another portion, which is more susceptible to their 
action. 

In the present experiment, even when considered in connection with 
Mavor’s results on chromosome II, there is no case of a decrease in 
crossing over with lighter dose, followed by an increase with stronger dose, 
in any of the regions studied in either second or third chromosome. If 
such an effect can be produced on the central region or on the one next 
in nearness to the center, then both these regions must be so very sus- 
ceptible to X rays that the critical amount, beyond which a decrease of 
crossing over is not produced, had already been attained even by the 
lightest dose used. On the other hand, if such a reversal of effect can be 
produced on the distal regions of chromosomes II and III, then these 
regions must be so insusceptible that this lighter dose did not have 
sufficient strength to cause even a decrease of crossing over in them. 
With the heavier dose, the data did show a slight decrease in the two 
distalmost regions studied in chromosome III (there being no data avail- 
able for the effect of the heavier dose on distal regions of chromosome II), 
but the decrease was only 2.1 and 0.7 times its probable error in the two 
respective cases. The average decrease in these two regions taken together 
was 1.55 (+.75) percent; this difference, being 2.1 times its probable 
error, would occur once in seven random samples even if the decrease were 
not real. The result, therefore, by no means proves a decrease in these 
regions, and if there is a decrease it is much less than that found by MAvor 
in chromosome I. Even if taken at its face value, however, there is nothing 
to show that a still heavier dose would cause an increase of crossing over 
in these regions. 

If the central regions are so very susceptible and the distal regions so 
very insusceptible to the X rays, it might be expected that in some 
intermediate region that was studied,—such as h-s; or T4-b,—there would 
be an intermediate susceptibility, such that one of the two doses used, at 
least,—either the lighter or the stronger one,—would cause a noticeable 
decrease of crossing over. Such an intermediate susceptibility would be 
especially to be expected in view of the proved susceptibility gradient in 
the central regions (the centralmost region having been affected sig- 
nificantly more than the adjacent one, by the lighter dose). There is, 
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however, no sign of such a crossing-over decrease in the “intermediate” 
regions. Instead, there are doubtful, very slight, increases of crossing over 
in these regions, especially with the stronger dose. It is difficult to reconcile 
this result with the idea of a reversible action with increase in dosage, 
unless we suppose a peculiar curve of susceptibility along the length of 
the chromosome. The curve, after presumably falling off gradually from 
a maximal height at the center, would have suddenly to fall off very 
sharply, at some intermediate distance, to a level very far below that for 
the center. While such a situation would be by no means impossible, it 
must be admitted that it would involve rather special and peculiar con- 
ditions, and these special requirements of the hypothesis of a reversible 
effect of the X rays would argue against the probability of that hypothesis. 
SUMMARY 

1. The comparatively light X-ray dose of 26.8 Holzknecht units causes 
a significant increase in the amount of crossing over in the central regions 
of both the second and third chromosomes (the long V-shaped autosomes) 
of Drosophila melanogaster. In the case of both chromosomes the region 
so affected is (normally) not much over 6 units long; “subcentral’”’ regions 
adjacent to this, as well as distal regions, have their crossing-over fre- 
quency affected little or not at all by the above dose. 

2. a. Application of twice as strong a dose of X rays, in the case of 
the third chromosome, causes the frequency of crossing over to be sig- 
nificantly above that in the controls not only in the central region but also 
in the “subcentral”’ region,—in which, moreover, the difference bet ween 
the results with the lighter and heavier doses is significant likewise. More 
distal regions, however, have their crossing-over frequency sensibly 
unaffected (or possibly very slightly decreased) even by the stronger dose. 

b. For the second chromosome, the results of the present experiments 
with the light dose may be compared to MAvor’s results for black-purple- 
curved, in which a relatively heavy dose was used. Again we find a sig- 
nificantly stronger effect from the heavier dose, and a significant effect 
upon the “subcentral” region with this dose only, but data are not 
available to show the effect of the heavier dose upon the distal regions of 
this chromosome. 

3. The above results prove that there exists in both long autosomes a 
regionally differential susceptibility to X rays, with the maximum sus- 
ceptibility in the morphologically differentiated portion at and near the 
bend of the V. The effect of the X rays is not confined to a single central 
point however. These intrachromosomal differences in susceptibility are 
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very great, being comparable in size to the interchromosomal differences 
found by Mavor between certain regions in the first and second chromo- 
somes. 

4. In view of these conclusions, it will be seen that adequate com- 
parisons of the effects on different chromosomes can be made only after 
various sections of them, representative of the different kinds of regions 
comprising them, have been studied. The second and third chromosomes, 
when studied in this manner, prove to be very similar in their reactions. 

5. No evidence has appeared in these experiments for the idea that the 
X-ray effects may be reversed in sign with change in dosage,—that is, 
that weaker doses may cause a decrease, and stronger doses an increase of 
crossing-over frequency, in a given section of chromatin. It is shown that 
if the idea is correct, adjacent regions in an autosome must differ very 
sharply in susceptibility. 

6. Coincidence of crossing over, so far as it could be studied in these 
experiments, was affected little, if at all, in either the second or the third 
chromosomes, by the doses of X rays here used. This result applies to 
coincidences below 1.0 occurring in distal regions, and coincidences about 
1.0, involving either distal or central regions, or both, but central regions 
short enough and close enough together to give coincidences below 1.0 
were not available for study. 

7. Even when the crossing-over-inhibiting genes carried in the chromo- 
somes containing ‘‘curly” are present in one of the second chromosomes, 
application of X rays causes an increase of crossing-over frequency. This 
increase is again noticeable in the central region, but it probably occurs 
also in the distal regions in this case. 

8. Difficulties involved in obtaining the records,—which required the 
classification of each of the 10,439 flies counted into one of 32 or 64 
possible combinations,—were reduced by means of a special method of 
tabulation, presented in the text, which can be used to advantage in the 
case of all complex linkage counts. 

9. In the statistical analysis of the data, new methods and formulae 
are employed, which are also applicable to other genetical work. 
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